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ABSTRACT 


The  significant  results  of  a  research  effort  investigating  the  fundamental  fluid  dynamic 
mechanisms  and  interactions  within  high-speed  separated  flows  are  presented  in  detail.  The  results 
have  been  obtained  through  primary  emphasis  on  experimental  investigations  of  missile  and 
projectile  base  flow-related  configurations.  The  objectives  of  the  research  program  focus  on 
understanding  the  component  mechanisms  and  interactions  which  establish  and  maintain  high¬ 
speed  separated  flow  regions. 

The  experimental  results  consist  of  detailed  laser  Doppler  velocimeter  (LDV),  particle  image 
velocimeter  (PIV),  and  high-speed  wall  pressure  measurements  made  in  axisymmetric  and  planar, 
subsonic  and  supersonic  flows  with  embedded  separated  regions.  The  LDV  experiments  have 
yielded  high  quality,  well  documented  mean  velocity  and  turbulence  data  for  a  variety  of  high¬ 
speed  separated  flows,  including  the  near-wake  regions  behind  a  cylindrical  afterbody,  an 
axisymmetric  afterbody  with  a  boattail,  and  a  cylindrical  afterbody  with  base  bleed  in  supersonic 
flow.  The  PIV  experiments  have  studied  the  effect  of  a  base  cavity  in  a  two-dimensional,  subsonic 
base  flow  and  the  mechanism  of  drag  reduction  for  this  configuration.  Another  experimental  study 
has  considered  the  interaction  occurring  when  a  supersonic  stream  is  separated  by  means  of  a 
second  stream  impinging  the  first  at  an  angle  (plume-induced  separation).  High-speed  wall 
pressure  measurements  made  beneath  the  unsteady  separation  shock  wave  and  conditionally 
analyzed  mean  velocity  and  turbulence  data  in  the  interaction  region  have  been  obtained  for  this 
configuration.  The  results  of  these  studies  have  been  carefully  documented  in  a  series  of  journal 
articles,  conference  proceedings  papers,  and  theses.  The  full  text  of  the  papers  and  thesis  abstracts 
are  included  as  appendices  of  this  report. 
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1.  INTRODUCTION 


A.  PROBLEM  STATEMENT 

This  report  describes  an  ongoing  research  effort  funded  by  the  U.S.  Army  Research  Office 
to  investigate  the  fundamental  fluid  dynamic  mechanisms  and  interactions  within  high-speed 
separated  flows.  The  overall  effort  has  concentrated  on  detailed  experimental  investigations  aimed 
at  gaining  a  more  insightful  understanding  of  the  fundamental  fluid  dynamic  mechanisms  existing 
in  the  near-wake  region  of  these  flows.  The  investigations  of  separated  flow  problems  have  been 
focused  on  missile  and  projectile  afterbody  and  base  flows  and  on  the  interactions  between  the  base 
and  body  flows. 

Professors  J.  C.  Dutton  and  A.  L.  Addy  and  their  graduate  students  at  the  University  of 
Illinois  at  Urbana-Champaign  have  conducted  this  series  of  experiments  on  two-dimensional  and 
axisymmetric  base  flow  configurations  utilizing  a  number  of  diagnostic  techniques.  These  include: 
schlieren  and  shadowgraph  photography,  surface  streakline  visualization,  mean  and  fluctuating 
pressure  measurements,  two-component  laser  Doppler  velocimeter  (LDV)  measurements,  and 
particle  image  velocimeter  (PIV)  measurements.  This  information  concerning  the  mean  and 
fluctuating  characteristics  of  the  flowfields  in  and  around  the  embedded  separated  flow  regions  has 
been  used  to  characterize  base  flows  at  both  subsonic  and  supersonic  speeds. 

The  purpose  of  this  final  technical  report  is  to  collect  and  present,  in  their  entirety  or  by 
summary  and  reference,  the  research  findings  for  the  near-wake  base  flow  problem  and  related 
problems  that  have  been  investigated  under  the  research  sponsorship  of  the  U.S.  Army  Research 
Office  through  Grant  Number  DAAH04-93-G-0226.  The  Technical  Monitor  for  this  research  has 
been  Dr.  Thomas  L.  Doligalski,  Chief,  Fluid  Dynamics  Branch,  Engineering  and  Environmental 
Sciences  Division.  The  authors  of  this  report  and  their  graduate  student  researchers  are  deeply 
indebted  to  Dr.  Doligalski  for  his  support  and  technical  comments  and  suggestions  during  the 
course  of  these  studies.  The  research  group  is  also  indebted  to  Dr.  Robert  E.  Singleton,  Director, 


Engineering  and  Environmental  Sciences  Division,  for  his  long-term  interest  and  support  of  this 
research  program. 

In  all  cases,  where  the  experimental  efforts  have  yielded  significant  or  new  results,  the 
information  has  been  presented  at  professional  meetings  and/or  published  in  the  archival  literature 
by  the  individual  researchers.  This  final  report  highlights  this  work  and  includes  copies  of  the 
appropriate  publications  for  completeness.  In  the  case  of  master's  and  doctoral  degree  theses, 
which  are  generally  quite  long  and  detailed,  a  summary  of  the  theses  is  provided  and  the 
appropriate  reference  to  the  full  document  is  given.  In  most  cases,  the  conference  and/or  archival 
publications  are  based  upon  the  detailed  work  reported  in  these  theses. 

B  .  FINAL  TECHNICAL  REPORT  ORGANIZATION 

The  overall  organization  of  this  report  details  the  major  accomplishments  of  the  research 
group  during  the  four-year  period  of  ARO  sponsorship  (with  an  additional  no-cost  extension  year). 
Each  research  investigation  is  described  briefly,  and  the  associated  published  literature  is  included 
in  an  appendix.  The  inclusion  of  a  copy  of  each  publication  is  intended  to  ease  the  burden  on  the 
reader  in  obtaining  symposium  proceedings  and  other  publications  which  tend  to  be  difficult  to 
obtain. 

The  relatively  brief  "text"  of  this  final  technical  report  has  been  outlined  and  organized  to 
provide  quick  reference  to  a  particular  topic  of  interest.  Most  of  the  research  results  have  been 
made  available  through  organized  meetings  and  publications  of  the  American  Institute  of 
Aeronautics  and  Astronautics  (AIAA).  In  those  instances  when  a  detailed  paper  is  available,  only  a 
brief  description  is  given  and  the  reader  is  referred  to  the  appropriate  appendix  for  further  details. 

After  the  summary  of  research  results,  the  next  three  sections  of  the  report  provide  lists 
concerning  several  administrative  matters  related  to  the  subject  research  grant.  These  include  the 
journal  articles  published,  conference  proceedings  papers,  graduate  student  theses,  list  of 
reportable  inventions,  faculty  and  graduate  student  participants,  and  advanced  degrees  earned. 
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The  strong  commitment  of  our  research  group  toward  developing  an  understanding  of  the 
base  flow  problem  is  evidenced  by  the  multi-year  development  and  assembly  of  advanced 
experimental  equipment  that  will  provide  well-documented  data  for  the  ongoing  analytical  and 
computational  work  of  other  researchers.  Although  this  final  technical  report  summarizes  our 
recent  four-year  effort,  our  research  group  is  continuing  to  investigate  the  base  flow  problem  and 
anticipates  further  significant  contributions  to  the  understanding  of  the  fundamental  mechanisms 
and  interactions  within  high-speed  sq)arated  flows. 
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n.  SUMMARY  OF  RESULTS 


This  section  summarizes  the  results  of  our  ongoing  research  program  concerned  with  fluid 
dynamic  mechanisms  and  interactions  occurring  in  high-speed  separated  flows.  In  each  section 
below,  the  most  important  results  are  abstracted  from  the  journal  articles,  conference  proceedings 
papers,  and  graduate  student  theses  that  have  been  completed  under  the  support  of  this  research 
grant. 

A.l  AN  INVESTIGATION  OF  LDV  VELOCITY  BIAS  CORRECTION 

TECHNIQUES  FOR  HIGH-SPEED  SEPARATED  FLOWS 

An  experimental  study  of  the  effects  of  velocity  bias  in  single  realization  laser  Doppler 
velocimetry  measurements  in  a  high-speed,  separated  flow  environment  is  reported.  The  objective 
of  the  study  is  to  determine  a  post-facto  correction  method  which  reduces  velocity  bias  after 
individual  realization  data  have  been  obtained.  Data  are  presented  for  five  velocity  bias  correction 
schemes:  inverse  velocity  magnitude  weighting,  interarrival  time  weighting,  sample  and  hold 
weighting,  residence  time  weighting,  and  the  velocity-data  rate  correlation  method.  These  data 
were  compared  to  a  reference  measurement  (saturable  detector  sampling  scheme);  the  results  show 
that  the  interarrival  time  weighting  method  compares  favorably  with  the  reference  measurement 
under  the  present  conditions. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.l. 

A. 2  SUPERSONIC  BASE  FLOW  EXPERIMENTS  IN  THE  NEAR  WAKE  OF  A 

CYLINDRICAL  AFTERBODY 

The  near  wake  of  a  circular  cylinder  aligned  with  a  uniform  Mach  2.5  flow  has  been 
experimentally  investigated  in  a  wind  tunnel  designed  solely  for  this  purpose.  Mean  static  pressure 
measurements  were  used  to  assess  the  radial  dependence  of  the  base  pressure  and  the  mean 
pressure  field  approaching  separation.  In  addition,  two-component  laser  Doppler  velocimeter 
(LDV)  measurements  were  obtained  throughout  the  near  wake  including  the  large  separated  region 
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downstream  of  the  base.  The  primary  objective  of  the  research  was  to  gain  a  better  understanding 
of  the  complex  fluid  dynamic  processes  found  in  supersonic  base  flowfields  including  separation, 
shear  layer  development,  reattachment  along  the  axis  of  symmetry,  and  subsequent  development  of 
the  wake.  Results  indicate  relatively  large  reverse  velocities  and  uniform  turbulence  intensity  levels 
in  the  separated  region.  The  separated  shear  layer  is  characterized  by  high  turbulence  levels  with  a 
strong  peak  in  the  inner,  subsonic  region  which  eventually  decays  through  reattachment  as  the 
wake  develops.  A  global  maximum  in  turbulent  kinetic  energy  and  Reynolds  shear  stress  is  found 
upstream  of  the  reattachment  point,  which  is  in  contrast  to  data  from  the  reattachment  of  a 
supersonic  shear  layer  onto  a  solid  wall. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.2. 

A.3  SUPERSONIC  NEAR-WAKE  AFTERBODY  BOATTAILING  EFFECTS  ON 

AXISYMMETRIC  BODIES 

An  experimental  investigation  of  the  near-wake  flowfield  downstream  of  a  conical 
boattailed  afterbody  in  supersonic  flow  is  presented.  The  afterbody  investigated  is  typical  of  those 
for  conventional  boattailed  missiles  and  projectiles  in  unpowered  flight.  Flow  visualization,  mean 
static  pressure  measurements,  and  three-component  laser  Doppler  velocimeter  data  have  been 
obtained  throughout  the  near  wake  of  the  body.  The  effects  of  afterbody  boattailing  on  the  physics 
of  the  near-wake  flow  are  determined  by  comparing  the  present  data  with  similar  data  obtained  on  a 
cylindrical  afterbody.  Results  indicate  that  a  net  afterbody  drag  reduction  of  21%  is  achieved  with 
the  current  boattailed  afterbody  for  a  freestream  Mach  number  of  2.46.  The  shear-layer  growth 
rate,  and  therefore  mass  entrainment  from  the  recirculation  region  behind  the  base,  is  shown  to  be 
significantly  reduced  by  afterbody  boattailing  due  to  the  reduction  in  turbulence  levels  throughout 
the  near  wake  as  compared  to  the  cylindrical  afterbody. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.3. 
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A. 4  EFFECT  OF  A  RAPID  EXPANSION  ON  THE  DEVELOPMENT  OF 

COMPRESSIBLE  FREE  SHEAR  LAYERS 

Detailed  mean  velocity  and  turbulence  data  have  been  obtained  with  a  laser  Doppler 
velocimeter  for  two  axisymmetric  shear  layers  downstream  of  rapid  expansions  of  different 
strengths.  A  comparison  of  the  data  in  the  near  field  (immediately  downstream  of  separation)  and 
far  field  (shear  layer  approaching  similarity)  is  presented,  and  the  fluid  dynamic  effects  of  the  rapid 
expansion  are  ascertained  for  each  regime.  In  general,  the  rapid  expansion  was  found  to  distort  the 
initial  mean  velocity  and  turbulence  fields  in  the  shear  layer  in  a  manner  similar  to  that  in  rapidly 
expanded,  attached  supersonic  boundary  layers;  namely,  two  distinct  regions  were  found  in  the 
initial  shear  layer:  an  outer  region,  where  the  turbulent  fluctuations  are  quenched  primarily  due  to 
mean  compressibility  effects  (bulk  dilatation),  and  an  inner  region,  where  turbulence  activity  is 
magnified  due  to  the  interaction  of  organized  large-scale  structures  in  the  shear  layer  with  low- 
speed  fluid  at  the  inner  edge.  With  increasing  strength  of  the  rapid  expansion,  the  effects  in  both 
regions  become  more  pronounced,  especially  in  the  inner  region,  where  turbulent  fluctuations  and 
mass  entrainment  rates  are  greatly  magnified.  Farther  downstream,  the  turbulence  activity  of  the 
large-scale  eddies  remains  elevated,  due  to  the  rapid  expansion,  even  though  the  relative 
distribution  of  the  turbulence  energy  between  the  Reynolds  stress  components  (structure  of  the 
turbulence)  is  independent  of  expansion  strength. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.4. 

A. 5  STUDY  OF  SUBSONIC  BASE  CAVITY  FLOWFIELD  STRUCTURE 

USING  PARTICLE  IMAGE  VELOCIMETRY 

A  new  particle  image  velocimetry  system  has  been  used  to  study  the  near- wake  structure  of 
a  two-dimensional  base  in  subsonic  flow  to  determine  the  fluid  dynamic  mechanisms  of  observed 
drag  reduction  in  the  presence  of  a  base  cavity.  Experiments  were  done  over  a  range  of  freestream 
Mach  numbers  up  to  0.8,  including  local  flowfield  velocities  over  300  m/s.  Effects  of  the  base 
cavity  on  the  von  Kdrmdn  vortex  street  wake  were  found  to  be  related  to  the  expansion  and 
diffusion  of  vortices  near  the  cavity,  although  the  effects  are  of  small  magnitude  and  no  significant 
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change  in  the  vortex  formation  location  or  path  was  observed.  The  base  cavity  effects  are  also  less 
significant  at  higher  freestream  velocities  due  to  the  formation  of  vortices  further  downstream  from 
the  base.  The  base  cavity  drag  reduction  was  found  to  be  mainly  due  to  the  displacement  of  the 
base  surface  to  a  location  upstream  of  the  low-pressure  wake  vortices,  with  only  a  slight 
modification  in  the  vortex  street  itself. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.5. 

A. 6  BASE-BLEED  EXPERIMENTS  WITH  A  CYLINDRICAL  AFTERBODY  IN 
SUPERSONIC  FLOW 

The  effect  of  base  bleed  on  the  near-wake  flowfield  of  a  cylindrical  afterbody  in  a  Mach  2.5 
flow  with  a  unit  Reynolds  number  of  45  x  10^  m'^  has  been  investigated.  This  study  is  aimed  at 
better  understanding  the  complex  fluid-dynamic  interactions  occurring  in  the  near  wake  due  to  base 
bleed  and  is  motivated  by  the  lack  of  detailed  velocity  and  turbulence  data  in  this  flowfield.  The 
experimental  techniques  used  include  static  pressure  measurements  along  the  afterbody  and  base 
plane,  schlieren  and  shadowgraph  photography,  and  centerline  traverses  in  the  near  wake  using 
two-component  laser  Doppler  velocimetry.  Results  indicate  relatively  uniform  radial  pressure 
profiles  across  the  base  plane.  With  increasing  bleed  flow  rate,  the  average  base  pressure  is  found 
to  increase  initially,  attain  a  peak  value  near  an  injection  parameter  of  I  =  0.0148,  and  then 
decrease  with  further  increase  in  I.  The  optimum  bleed  condition  near  I  =  0.0148  is  also 
characterized  by  a  weak  comer  expansion,  a  minimum  value  of  the  free-shear-layer  angle,  and  the 
near-disappearance  of  the  recirculation  region  (reverse  velocity)  along  the  centerline  of  the  near 
wake. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A. 6. 

A. 7  VELOCITY  AND  TURBULENCE  MEASUREMENTS  IN  A  SUPERSONIC 

BASE  FLOW  WITH  MASS  BLEED 

Two-component  laser  Doppler  velocimetry  was  used  to  obtain  detailed  mean  velocity  and 
turbulence  measurements  in  the  near  wake  of  a  cylindrical  afterbody  with  base  bleed  in  a  Mach  2.5 
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flow.  The  bleed  flow  provides  at  least  some  of  the  fluid  required  for  shear  layer  entrainment  and 
shields  the  base  annulus  from  the  outer  shear  layer  and  the  primary  recirculation  region,  leading  to 
an  increase  in  base  pressure.  There  is  an  overall  reduction  in  turbulence  levels  throughout  the  base 
bleed  flowfields  relative  to  the  near-wake  flowfields  of  blunt-based  and  boattailed  afterbodies. 
With  increasing  bleed,  the  formation  of  a  strong  bleed  jet  shear  layer  and  secondary  recirculation 
region  near  the  base  annulus  offsets  the  benefits  of  base  bleed,  leading  to  a  drop  in  the  base 
pressure.  The  net  benefits  of  base  bleed  are  maximized  at  the  optimum  bleed  condition,  which 
corresponds  to  the  highest  base  pressure,  the  disappearance  of  the  primary  recirculation  region, 
and  the  lowest  turbulence  levels  in  the  near-wake  flowfield.  Increased  benefits  from  base  bleed 
could  be  achieved  by  injecting  the  bleed  fluid  at  the  lowest  possible  velocity  through  the  use  of 
larger  bleed  orifices,  porous  bases,  or  bleed  orifices  located  along  the  outer  base  annulus. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.7. 

A. 8  THE  TURBULENCE  STRUCTURE  OF  A  REATTACHING 

AXISYMMETRIC  COMPRESSIBLE  FREE  SHEAR  LAYER 

The  reattachment  of  a  supersonic,  axisymmetric  shear  layer  downstream  of  a  blunt-based 
afterbody  is  studied.  Of  primary  interest  are  the  effects  of  the  "extra"  strain  rates,  such  as  bulk 
compression,  concave  streamline  curvature,  and  lateral  streamline  convergence  associated  with 
shear  layer  reattachment  on  the  structure  of  the  turbulence  field.  Experimental  turbulence  data 
obtained  throughout  the  reattachment  region  with  a  two-component  laser  Doppler  velocimeter  are 
presented.  In  general,  the  axisymmetric  compliant  boundary  reattachment  process  is  shown  to  be 
different  in  character  compared  to  the  planar  solid  wall  case.  Most  notably,  significant  reductions 
in  the  Reynolds  stresses  occur  through  the  reattachment  region  due  to  the  dominating  effect  of 
lateral  streamline  convergence  as  the  flow  approaches  the  axis.  Similar  to  the  planar  solid  wall 
case,  however,  a  reduction  in  the  mean  turbulent  transport  toward  the  axis  in  the  reattachment 
region  was  found,  which  suggests  a  radial  containment  of  the  large-scale  eddies  near  the  axis  of 
symmetry.  The  reattachment  process  was  also  seen  to  have  profound  effects  on  the  large-scale 
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structures  in  the  shear  layer,  primarily  through  reduced  structural  organization  as  indicated  by 
instantaneous  shear  angle  histograms. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A. 8. 

A. 9  TIME-SERIES  ANALYSES  OF  WALL  PRESSURE  FLUCTUATIONS  IN 

PLUME-INDUCED  SEPARATED  FLOWFIELDS 

The  separation  shock  wave  motion  in  a  plume-induced,  boundary  layer  separated  flowfield 
was  studied  experimentally.  The  statistical  properties  of  the  shock  wave  motion  were  determined 
over  the  intermittent  region  using  time-series  analyses  of  wall  static  pressure  fluctuation 
measurements.  The  standard  deviation  of  the  pressure  fluctuations,  nondimensionalized  by  the 
local  mean  pressure,  reached  a  maximum  of  0.22  near  the  middle  of  the  intermittent  region.  The 
ratio  of  the  maximum  standard  deviation  of  the  pressure  fluctuations  over  the  intermittent  region  to 
the  mean  pressure  difference  across  the  intermittent  region  was  calculated  to  be  0.43  for  this 
flowfield.  Both  of  these  quantities  demonstrate  that  the  unsteady  pressure  loading  caused  by  the 
shock  wave  motion  has  essentially  the  same  magnitude  in  plume-induced  separated  flowfields  as  in 
flowfields  produced  by  solid  boundary  protuberances. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.9. 

A.  10  A  METHOD  FOR  SEPARATING  SHOCK  WAVE  MOTION  AND 

TURBULENCE  IN  LDV  MEASUREMENTS 

Two-component  laser  Doppler  velocimetry  (LDV)  measurements  were  made  in  a  planar, 
two-dimensional  flow  containing  an  unsteady  oblique  shock  wave  formed  by  the  convergence  of 
two  supersonic  streams  past  a  thick  plate.  High-speed  wall  pressure  measurements  locate  the 
shock  wave  and,  consequently,  allow  separation  of  the  effects  of  shock  wave  motion  from  the 
turbulence  fluctuations  in  the  LDV  measurements  of  the  shock-separated  free  shear  layer.  In  the 
current  flow,  isolating  the  large-scale  changes  in  the  position  of  the  shock  from  the  turbulence 
primarily  reduces  the  experimental  scatter  rather  than  significantly  changing  the  shapes  or 
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magnitudes  of  the  turbulent  stress  profiles.  Changes  in  the  direction  of  shock  motion  do  not 
significantly  affect  the  mean  velocity,  but  do  affect  the  turbulent  stresses. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.  10. 

A.  11  VELOCITY  MEASUREMENTS  IN  A  SHOCK-SEPARATED  FREE  SHEAR 

LAYER 

Two-component  laser  Doppler  velocimetry  (LDV)  measurements  were  made  in  a  planar, 
shock-separated  free  shear  layer  formed  by  the  convergence  of  two  supersonic  streams  past  a  thick 
plate.  High-speed  wall  pressure  measurements  locate  the  unsteady  shock  wave  formed  by  this 
interaction  and,  consequently,  allow  separation  of  the  effects  of  shock  motion  from  the  turbulence 
fluctuations  in  the  velocity  measurements  of  the  shear  layer.  Shock-induced  separation 
dramatically  increases  the  normal  stresses  and  shear  stress.  The  shock-separated  shear  layer 
displays  a  positive  shear  stress  region  between  separation  and  reattachment.  Reattachment 
produces  a  shift  in  turbulent  kinetic  energy  from  the  streamwise  component  to  the  transverse 
component.  The  region  of  shock  motion  has  a  relatively  constant  width  irrespective  of  distance 
from  the  wall. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.l  1. 

A.  12  CONDITIONAL  ANALYSIS  OF  WALL  PRESSURE  FLUCTUATION 

MEASUREMENTS  MADE  IN  PLUME-INDUCED  SEPARATED 

FLOWFIELDS 

The  separation  process  in  plume-induced,  boundary  layer  separated  flowfields  was  found 
to  be  unsteady.  Two  in-situ,  fast-response  pressure  transducers  were  used  to  make  individually 
and  simultaneously  sampled  wall  pressure  fluctuation  measurements  over  the  intermittent  region  of 
separation  shock  wave  motion.  A  conditional  analysis  technique  was  applied  to  the  pressure-time 
histories,  and  statistical  methods  were  then  used  to  analyze  the  period,  frequency,  and  velocity 
ensembles  of  the  shock  motion.  The  mean  frequencies  of  this  motion  ranged  between  1300  and 
1500  Hz  over  the  intermittent  region,  and  the  most  probable  shock  wave  frequencies  occurred 
between  1  and  4  kHz  over  this  region.  The  maximum  zero-crossing  frequency  of  the  shock  wave 
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motion  was  approximately  500-600  Hz.  The  mean  (approximately  3.5%  of  the  ffeestream 
velocity)  and  most  probable  (approximately  6%  of  the  freestream  velocity)  shock  wave  velocities  in 
either  direction  were  found  to  be  essentially  constant  over  the  intermittent  region.  These  results  are 
compared  to  those  for  shock  wave-boundary  layer  interactions  caused  by  solid  protruberances. 

The  complete  text  of  this  journal  paper  may  be  found  in  Appendix  A.  12. 

A.  13  SUPERSONIC  BASE  FLOW  EXPERIMENTS  IN  THE  NEAR-WAKE  OF  A 
CYLINDRICAL  AFTERBODY 

The  near-wake  of  a  circular  cylinder  aligned  with  a  uniform  Mach  2.5  flow  has  been 
experimentally  investigated  in  a  wind  tunnel  designed  solely  for  this  purpose.  Mean  static  pressure 
measurements  were  used  to  assess  the  radial  dependence  of  the  base  pressure  and  the  mean 
pressure  field  approaching  separation.  In  addition,  two-component  laser  Doppler  velocimeter 
(LDV)  measurements  were  obtained  throughout  the  near- wake  including  the  large  separated  region 
downstream  of  the  base.  The  primary  objective  of  the  research  was  to  gain  a  better  understanding 
of  the  complex  fluid  dynamic  processes  found  in  supersonic  base  flowfields  including  separation, 
shear  layer  development,  reattachment  along  the  axis  of  symmetry,  and  subsequent  development  of 
the  wake.  Results  indicate  relatively  large  reverse  velocities  and  uniform  turbulence  intensity  levels 
in  the  separated  region.  The  separated  shear  layer  is  characterized  by  high  turbulence  levels  with  a 
strong  peak  in  the  inner,  subsonic  region  which  eventually  decays  through  reattachment  as  the 
wake  develops.  A  global  maximum  in  turbulent  kinetic  energy  and  Reynolds  shear  stress  is  found 
upstream  of  the  reattachment  point  which  is  in  contrast  to  data  from  the  reattachment  of  a 
supersonic  shear  layer  onto  a  solid  wall. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.  13. 

A.  14  STUDY  OF  THE  NEAR-WAKE  STRUCTURE  OF  A  SUBSONIC  BASE 

CAVITY  FLOWFIELD  USING  PIV 

A  new  particle  image  velocimetry  (PIV)  system  has  been  used  to  study  the  near-wake 
structure  of  a  two-dimensional  base  in  subsonic  flow  in  order  to  determine  the  fluid  dynamic 
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mechanisms  of  observed  drag  reduction  in  the  presence  of  a  base  cavity.  Experiments  were  done 
over  a  range  of  freestream  Mach  numbers  up  to  0.8,  including  local  flowfield  velocities  over 
300  m/s.  Effects  of  the  base  cavity  on  the  von  Karman  vortex  street  wake  were  found  to  be 
related  to  the  expansion  and  diffusion  of  vortices  near  the  cavity,  although  the  effects  are  of  small 
magnitude  and  no  significant  change  in  the  vortex  formation  location  or  path  was  observed.  The 
base  cavity  effects  are  also  less  significant  at  higher  freestream  velocities  due  to  the  formation  of 
vortices  further  downstream  from  the  base.  The  base  cavity  drag  reduction  was  found  to  be  mainly 
due  to  the  displacement  of  the  base  surface  to  a  location  upstream  of  the  low-pressure  wake 
vortices,  with  only  a  slight  modification  in  the  vortex  street  itself. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.  14. 

A.  15  EFFECTS  OF  AFTERBODY  BOATTAILING  ON  THE  NEAR- WAKE  OF 

AXISYMMETRIC  BODIES  IN  SUPERSONIC  FLOW 

An  experimental  investigation  of  the  near-wake  flowfield  downstream  of  a  conical 
boattailed  afterbody  in  supersonic  flow  is  presented.  The  afterbody  investigated  is  typical  of  those 
for  conventional  boattailed  missiles  and  projectiles  in  uripowered  flight.  Flow  visualization,  mean 
static  pressure  measurements,  and  three-component  laser  Doppler  velocimeter  data  have  been 
obtained  throughout  the  near-wake  of  the  body.  The  effects  of  afterbody  boattailing  on  the  physics 
of  the  near-wake  flow  are  determined  by  comparing  the  present  data  with  similar  data  obtained  on  a 
cylindrical  afterbody.  Results  indicate  that  a  net  afterbody  drag  reduction  of  21%  is  achieved  with 
the  current  boattailed  afterbody  for  an  approach  Mach  number  of  2.46.  The  shear  layer  growth 
rate,  and  therefore  mass  entrainment  from  the  recirculation  region  behind  the  base,  is  shown  to  be 
significantly  reduced  by  afterbody  boattailing  due  to  the  reduction  in  turbulence  levels  throughout 
the  near-wake  as.  compared  to  die  cylindrical  afterbody. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.  15. 
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A.  16  EFFECT  OF  A  RAPID  EXPANSION  ON  THE  DEVELOPMENT  OF 

COMPRESSIBLE  FREE  SHEAR  LAYERS 

Detailed  mean  velocity  and  turbulence  data  have  been  obtained  with  a  laser  Doppler 
velocimeter  for  two  axisymmetric  shear  layers  downstream  of  rapid  expansions  of  different 
strengths.  A  comparison  of  the  data  in  the  near-field  (immediately  downstream  of  separation)  and 
far-field  (shear  layer  approaching  self- similarity)  is  presented,  and  the  fluid  dynamic  effects  of  the 
rapid  expansion  are  ascertained  for  each  regime.  In  general,  the  rapid  expansion  was  found  to 
distort  the  initial  mean  velocity  and  turbulence  Helds  in  the  shear  layer  such  that  two  distinct 
regions  were  evident:  an  outer  region  where  the  turbulent  fluctuations  are  quenched  by  the 
expansion,  and  an  inner  region  where  turbulence  levels  are  magnified  by  the  expansion.  For  the 
streamwise  Reynolds  normal  stress  and  primary  Reynolds  shear  stress,  the  magnitude  of  the  peak 
turbulence  levels  increased  with  increasing  strength  of  the  expansion;  the  transverse  normal  stress 
field,  however,  was  only  mildly  affected  by  the  expansion.  Further  downstream  after  the  shear 
layer  mean  velocity  distributions  become  self-similar,  elevated  turbulence  levels  for  the  more 
strongly  expanded  case  persist  although  the  relative  distribution  of  turbulence  energy  between  the 
Reynolds  stress  components  appears  unaffected  by  the  strength  of  the  rapid  expansion. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.  16. 

A.  17  BASE  BLEED  EXPERIMENTS  WITH  A  CYLINDRICAL  AFTERBODY  IN 
SUPERSONIC  FLOW 

The  effect  of  base  bleed  on  the  near- wake  flowfield  of  a  cylindrical  afterbody  aligned  with  a 
Mach  2.5  flow  has  been  investigated.  This  study  is  aimed  at  better  understanding  the  complex 
fluid  dynamic  interactions  occurring  in  the  near-wake  due  to  base  bleed  and  is  motivated  by  the 
lack  of  detailed  velocity  and  turbulence  data  in  this  flowfield.  The  experimental  techniques  used 
include  static  pressure  measurements  along  the  afterbody  and  the  base  plane,  schlieren  and 
shadowgraph  photography,  and  centerline  traverses  using  two-component  laser  Doppler 
velocimetry  (LDV).  Results  indicate  relatively  uniform  radial  pressure  profiles  across  the  base 
plane.  With  increasing  bleed  flow  rate  (quantified  by  the  injection  parameter,  I),  the  average  base 
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pressure  is  found  to  increase  initially,  attain  a  peak  value  near  I  =  0.0148,  and  then  decrease  with 
further  increase  in  I,  The  optimum  bleed  condition  near  I  =  0.0148  is  also  characterized  by  a 
weak  comer  expansion,  a  minimum  value  of  the  free  shear  layer  angle,  and  the  near-disappearance 
of  the  recirculation  region  (reverse  velocity)  along  the  centerline  of  the  near-wake. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.  17. 

A.  18  RECENT  PROGRESS  ON  HIGH-SPEED  SEPARATED  BASE  FLOWS 

Recent  work  in  the  area  of  high-speed  separated  flows  is  reviewed  with  particular  emphasis 
on  problems  related  to  missile  and  projectile  afterbody  and  base  flows.  A  brief  summary  is  first 
given  of  the  current  state-of-the-art  in  base  flow  numerical  predictions  and  previous  experimental 
studies.  This  is  followed  by  discussions  of  our  recent  experimental  work  in  this  area.  The 
particular  experiments  described  are:  detailed  mean  velocity  and  turbulence  measurements  for  a 
cylindrical  afterbody  in  Mach  2.5  flow,  a  similar  study  for  a  five  degree  boattailed  afterbody  that 
explains  the  associated  drag  reduction  effects,  initial  pressure  and  velocity  measurements 
quantifying  the  effects  of  base  bleed  in  supersonic  base  flow,  a  particle  image  velocimetry  study 
that  has  delineated  the  mechanisms  of  base  drag  reduction  for  a  planar  bluff  body  with  a  base 
cavity  in  subsonic  flow,  and  Mie  scattering  visualizations  of  large-scale  turbulent  structures  in  the 
shear  layers  and  trailing  wake  of  a  two-dimensional,  supersonic  base  flow. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.  18. 

A.  19  THE  TURBULENCE  STRUCTURE  OF  A  REATTACHING 

AXISYMMETRIC  SUPERSONIC  FREE  SHEAR  LAYER 

The  reattachment  of  a  supersonic,  axisymmetric  shear  layer  downstream  of  a  blunt  based 
afterbody  is  studied.  Of  primary  interest  are  the  effects  of  the  "extra"  strain  rates,  such  as  bulk 
compression,  concave  streamline  curvature,  and  lateral  streamline  convergence  associated  with 
shear  layer  reattachment,  on  the  structure  of  the  turbulence  field.  Experimental  turbulence  data 
obtained  throughout  the  reattachment  region  with  a  two-component  laser  Doppler  velocimeter  are 
presented.  In  general,  the  compliant  boundary  reattachment  process  is  shown  to  be  different  in 
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character  compared  to  the  solid  wall  case.  Most  notably,  significant  reductions  in  the  Reynolds 
stresses  occur  through  the  reattachment  region  due  to  the  dominating  effect  of  lateral  streamline 
convergence  as  the  flow  approaches  the  axis.  Similar  to  the  solid  wall  case,  however,  a  reduction 
in  the  mean  turbulent  transport  toward  the  axis  in  the  reattachment  region  was  found,  which 
suggests  a  radial  containment  of  the  large  scale  eddies  near  the  axis  of  symmetry.  The  reattachment 
process  was  also  seen  to  have  profound  effects  on  the  large  scale  structures  in  the  shear  layer 
primarily  through  reduced  structural  organization  as  indicated  by  the  instantaneous  velocity 
fluctuations. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.  19. 

A. 20  VELOCITY  AND  TURBULENCE  MEASUREMENTS  IN  A  SUPERSONIC 

BASE  FLOW  WITH  MASS  BLEED 

Two-component  laser  Doppler  velocimetry  was  used  to  obtain  detailed  mean  velocity  and 
turbulence  measurements  in  the  near- wake  of  a  cylindrical  afterbody  with  base  bleed  in  a  Mach  2.5 
flow.  The  bleed  flow  provides  at  least  some  of  the  fluid  required  for  shear  layer  entrainment  and 
shields  the  base  annulus  from  the  outer  shear  layer  and  the  primary  recirculation  region,  leading  to 
an  increase  in  base  pressure.  There  is  an  overall  reduction  in  turbulence  levels  throughout  the  base 
bleed  flowfields  relative  to  the  near-wake  flowfields  of  blunt-based  and  boattailed  afterbodies. 
With  increasing  bleed,  the  formation  of  a  strong  bleed  jet  shear  layer  and  secondary  recirculation 
region  near  the  base  annulus  offsets  the  benefits  of  base  bleed,  leading  to  a  drop  in  the  base 
pressure.  The  net  benefits  of  base  bleed  are  maximized  at  the  optimum  bleed  condition,  which 
corresponds  to  the  highest  base  pressure,  the  disappearance  of  the  primary  recirculation  region, 
and  the  lowest  turbulence  levels  in  the  near-wake  flowfield.  Increased  benefits  from  base  bleed 
could  be  achieved  by  injecting  the  bleed  fluid  at  the  lowest  possible  velocity  through  the  use  of 
larger  bleed  orifices,  porous  bases,  or  bleed  orifices  located  along  the  outer  base  annulus. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.20. 
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A.21  A  METHOD  FOR  SEPARATING  SHOCK  WAVE  MOTION  AND 

TURBULENCE  IN  LDV  MEASUREMENTS 

Two-component  laser  Doppler  velocimetry  (LDV)  measurements  were  made  in  a  planar, 
two-dimensional  flow  containing  an  unsteady  oblique  shock  wave  formed  by  the  convergence  of 
two  supersonic  streams  past  a  thick  plate.  Wall  pressure  measurements  have  been  used  to  locate 
the  shock  wave  and  consequently  separate  the  shock  wave  motion  from  the  turbulence  fluctuations 
in  the  LDV  measurements  of  the  shock-separated  free  shear  layer.  The  primary  result  of  isolating 
the  large-scale  changes  in  the  position  of  the  shock  from  the  turbulence  is  a  reduction  in  the 
experimental  scatter  rather  than  significant  changes  in  the  shape  or  magnitudes  of  the  turbulent 
stress  profiles.  The  overall  effects  of  the  changes  in  shock  position  on  the  turbulence  were  found 
to  be  small  and  do  not  significantly  change  the  overall  trends  in  the  turbulence  data.  Velocity  data 
were  also  analyzed  to  determine  the  effect  of  changes  in  the  direction  of  shock  motion  rather  than 
shock  position.  Shock  motion  direction  was  found  to  have  a  greater  effect  on  the  turbulence 
measurements  than  shock  position.  Like  changes  in  the  shock  position,  changes  in  the  direction  of 
shock  motion  did  not  significantly  change  the  mean  velocity.  However,  changes  in  the  direction  of 
the  shock  may  either  increase  or  decrease  the  turbulent  stresses  depending  on  the  portion  of  the 
shear  layer  in  question. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.21. 

A. 22  VELOCITY  MEASUREMENTS  IN  A  SHOCK-SEPARATED  FREE  SHEAR 

LAYER 

Two-component  laser  Doppler  velocimetry  (LDV)  measurements  were  made  in  a  planar, 
shock-separated  free  shear  layer  formed  by  the  convergence  of  two  supersonic  streams  past  a  thick 
plate.  High-speed  wall  pressure  measurements  locate  the  unsteady  shock  wave  formed  by  this 
interaction  and,  consequently,  allow  separation  Of  the  effects  of  shock  motion  from  the  turbulence 
fluctuations  in  the  velocity  measurements  of  the  shear  layer.  Shock-induced  separation 
dramatically  increases  the  normal  stresses  and  shear  stress.  The  shock-separated  shear  layer 
displays  a  positive  shear  stress  region  between  separation  and  reattachment.  Reattachment 
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produces  a  shift  in  turbulent  kinetic  energy  from  the  streamwise  component  to  the  transverse 
component.  The  region  of  shock  motion  has  a  relatively  constant  width  irrespective  of  distance 
from  the  wall. 

The  complete  text  of  this  conference  paper  may  be  found  in  Appendix  A.22. 

A. 23  AN  EXPERIMENTAL  INVESTIGATION  OF  SUPERSONIC 

AXISYMMETRIC  BASE  FLOWS  INCLUDING  THE  EFFECTS  OF 
AFTERBODY  BOATTAILING 

An  experimental  investigation  of  the  near-wake  flowfield  downstream  of  blunt-based 
axisymmetric  bodies  in  supersonic  flow  has  been  conducted.  Using  a  blowdown-type  wind  tunnel 
designed  specifically  for  this  purpose,  experiments  were  conducted  at  a  nominal  approach  Mach 
number  of  2.5  and  a  unit  Reynolds  number  of  51  (10®)  per  meter.  Two  different  axisymmetric 
afterbodies  were  examined  in  the  study:  a  circular  cylinder  was  used  as  a  baseline  configuration, 
and  a  conical  boattailed  afterbody  with  a  boattail  angle  of  five  degrees  and  a  boattail  length  of  one 
afterbody  radius  was  used  to  investigate  the  effects  of  afterbody  boattailing  on  the  fluid  dynamic 
processes  in  the  near- wake.  Neither  afterbody  contained  a  central  jet  so  that  the  base  flowfield  in 
unpowered,  supersonic  flight  was  simulated.  The  primary  objective  of  the  research  program  was 
to  enhance  the  understanding  of  the  fluid  dynamic  processes  inherent  to  axisymmetric  base  flows 
by  obtaining  and  analyzing  detailed,  non-intrusive  experimental  data  including  flow  visualization 
photographs,  static  pressure  measurements,  and  mean  velocity  and  turbulence  data  throughout  the 
near-wake.  Of  special  significance  in  the  current  research  is  the  detailed  turbulence  information 
obtained  with  laser  Doppler  velocimetry  (LDV)  since  these  data  are  virtually  nonexistent  in 
supersonic  base  flows  and  provide  new  insight  into  the  physics  of  these  complex  flows.  In 
addition,  the  present  data  form  a  substantial  data  base  which  can  be  used  to  advance  and  improve 
theoretical  and  numerical  base  flow  modeling  techniques. 

The  static  pressure  measurements  on  the  base  and  afterbody  of  each  model  indicate  a 
relatively  constant  pressure  across  the  base  with  the  addition  of  the  boattail  resulting  in  a  decrease 
in  the  base  drag  coefficient  of  16%  from  the  baseline  cylindrical  afterbody.  The  net  afterbody  drag 
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coefficient  (boattail  +  base  contributions)  was  reduced  by  21%  which  shows  the  usefulness  of 
afterbody  boattailing  as  a  practical  method  to  reduce  afterbody  drag  in  supersonic,  axisymmetric 
flow.  The  mean  velocity  and  turbulence  fields  in  the  near-wake  of  each  afterbody  were 
investigated  with  LDV.  In  general,  the  near-wake  flowfield  can  be  characterized  by  large 
turbulence  levels  in  the  separated  shear  layer,  relatively  large  reverse  velocities  in  the  recirculation 
region,  and  gradual  recompression/realignment  processes  as  the  shear  layer  converges  on  the  axis 
of  symmetry.  The  shear  layer  development  was  found  to  be  dependent  on  the  conditions 
immediately  downstream  of  the  base  comer  separation  point  (upstream  history  effect). 
Furthermore,  the  centered  expansion  at  the  base  comer  reduced  the  turbulence  levels  in  the  outer 
region  of  the  shear  layer  relative  to  the  approach  boundary  layer  but  enhanced  the  mixing  and 
entrainment  along  the  fluid-fluid  interface  between  the  shear  layer  and  the  recirculating  region 
which  results  in  large  turbulence  levels  along  the  inner  edge  of  the  shear  layer.  The  shear  layer 
growth  rate  is  initially  large  due  to  substantial  mass  entrainment  from  the  recirculation  region  near 
the  inner  edge,  but  further  downstream,  a  self-similar  state  is  reached  where  growth  rates  are 
significantly  reduced.  In  general,  the  effects  of  afterbody  boattailing  on  the  near-wake  flowfield 
include  a  weaker  expansion  at  the  base  comer  separation  point  (less  distortion  of  the  shear  layer 
and  reduced  turbulence  production  near  the  inner  edge),  reduced  turbulence  intensity  and  Reynolds 
shear  stress  levels  throughout  the  near-wake  (reduced  mass  entrainment  along  the  length  of  the 
shear  layer  resulting  in  a  higher  base  pressure),  and  a  mean  velocity  field  which  is  qualitatively 
similar  to  that  of  the  cylindrical  afterbody. 

The  complete  manuscript  of  this  thesis  is  available  from  the  authors  of  this  report. 

A. 2 4  AN  EXPERIMENTAL  INVESTIGATION  OF  UNSTEADY  SEPARATION 

SHOCK  WAVE  MOTION  IN  A  PLUME-INDUCED,  SEPARATED 

FLOWFIELD 

An  experimental  investigation  of  the  unsteady  separation  shock  wave  motion  in  plume- 
induced,  boundary  layer  separated  (PIBLS)  flowfields  has  been  conducted.  The  PIBLS  flowfields 
were  created  in  a  blowdown-type  wind  tunnel  designed  specifically  to  produce  PIBLS  in  a  planar. 
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two-stream,  supersonic  flow.  In  this  unique  wind  tunnel,  separation  of  the  freestream  boundary 
layer  upstream  of  the  base  plane  was  accomplished  by  utilizing  an  angle-induced  separation 
geometry  in  the  wind  tunnel  design  in  addition  to  operating  the  wind  tunnel  at  jet-to-freestream 
static  pressure  ratios  (JSPRs)  greater  than  unity.  In  essence,  the  wind  tunnel  design  consisted  of  a 
Mach  1.5  inner-jet  flow  angled  at  40  degrees  with  respect  to  a  Mach  2.5  freestream  flow  in  the 
presence  of  a  0.5-inch  thick  base  height.  By  throttling  the  stagnation  pressure  of  the  inner-jet 
flow,  PIBLS  flowfields,  with  nominal  separation  point  locations  ranging  from  two  (JSPR=1.7)  to 
six  (JSPR=2.3)  or  more  boundary  layer  thicknesses  upstream  of  the  base  plane,  were  produced  in 
the  wind  tunnel.  The  separation  process  associated  with  all  of  these  PIBLS  flowfields  was 
observed  by  flow  visualization  techniques  to  be  unsteady,  and  the  separation  shock  wave  that 
accompanied  the  separation  process  was  found  to  exhibit  large-scale  (on  the  order  of  the  incoming 
boundary  layer  thickness)  motion  in  the  streamwise  direction. 

The  primary  objective  of  the  current  research  program  was  to  understand  the  unsteady 
characteristics  of  the  separation  shock  wave  motion  present  in  the  PIBLS  flowfields  by  obtaining 
and  analyzing  detailed,  non-intrusive  experimental  data  including  flow  visualization  photographs, 
surface  flow  visualization  patterns,  mean  static  pressure  measurements,  and  instantaneous  pressure 
fluctuation  measurements  throughout  the  region  of  shock  wave  motion  (called  the  intermittent 
region).  Since  the  vast  majority  of  the  statistical  properties  of  the  shock  wave  motion  were 
computed  from  the  fast-response  pressure  transducer  measurements,  the  instantaneous  pressure 
fluctuation  measurements  were  of  primary  importance  in  the  study.  In  recent  years,  similar 
measurements  have  been  used  to  characterize  the  unsteady  separation  shock  wave  motion  in  shock 
wave/boundary  layer  interactions  (SWBLIs)  produced  by  solid  boundary  protuberances  (i.e., 
compression  ramps,  circular  cylinders,  sharp-  and  blunt-edged  fins,  etc.).  However,  such  data  are 
virtually  nonexistent  in  a  plume-induced  interaction  and,  therefore,  the  current  data  are  quite 
unique. 

From  standard  time  series  and  conditional  analysis  methods  applied  to  the  pressure 
fluctuation  measurements,  the  statistical  properties  of  the  shock  wave  motion  were  determined  over 
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the  intemuttent  region.  In  general,  most  (70%  to  80%)  of  the  energy  contained  in  the  pressure 
fluctuations  caused  by  the  shock  wave  motion  was  distributed  over  the  frequency  range  below 
1  kHz,  the  mean  frequency  of  the  shock  wave  motion  ranged  between  1.3- 1.5  kHz,  and  the  most 
probable  shock  wave  frequency  occurred  between  approximately  1-4  kHz  over  the  intermittent 
region.  The  mean  shock  wave  velocities,  when  normalized  by  the  freestream  velocity,  were  found 
to  be  0.034-0.035  over  the  intermittent  region  in  the  PIBLS  flowfields.  In  general,  the  length  scale 
of  the  intermittent  region  increased  as  the  JSPR  increased,  varying  from  0.32-0.37  inches  (2.65  to 
3.05)  at  a  JSPR  of  1.95  to  0.68-0.69  inches  (5.45  to  5.55)  at  a  JSPR  of  2.41.  The  maximum 
zero-crossing  frequency  (the  average  number  of  shock  wave  crossings  per  second)  of  the  shock 
wave  motion  was  approximately  500-600  Hz,  depending  upon  the  JSPR,  and  occurred  near  the 
middle  of  the  intermittent  region. 

The  shock  wave  motion  was  found  to  be  responsible  for  producing  large  pressure 
fluctuations  over  the  intermittent  region  in  these  PIBLS  flowfields.  The  standard  deviation  of  the 
pressure  fluctuations,  when  nondimensionalized  by  the  local  mean  pressure,  reached  a  mflYimnm 
value  of  0.22  near  the  middle  of  the  intermittent  region.  The  strength  of  the  unsteady  shock  wave 
motion,  determined  as  the  ratio  of  the  maximum  standard  deviation  of  the  pressure  fluctuations 
over  the  intemuttent  region  to  the  mean  pressure  difference  across  the  intermittent  region,  was 
calculated  to  be  0.43  for  the  current  PIBLS  flowfields.  Both  of  these  quantities  demonstrate  that 
the  unsteady  pressure  loading  caused  by  the  shock  wave  motion  has  essentially  the  same 
magnitude  in  plume-induced  separated  flowfields  as  in  SWBLI  flowfields  produced  by  solid 
boundary  protuberances. 

The  complete  manuscript  of  this  thesis  is  available  from  the  authors  of  this  report. 


A. 2 5  AN  EXPERIMENTAL  INVESTIGATION  OF  THE  EFFECTS  OF  BASE 
BLEED  IN  AXISYMMETRIC  SUPERSONIC  FLOW 


Base  bleed  is  a  technique  wherein  a  small  quantity  of  fluid  is  injected  into  the  base  region  of 
a  projectile  to  reduce  the  base  drag.  The  effects  of  base  bleed  on  the  near-wake  flowfield  of  a 
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cylindrical  afterbody  in  a  Mach  2.5  flow  have  been  investigated  in  the  present  study.  This 
experimental  study  is  aimed  at  better  understanding  the  complex  fluid  dynamic  interactions 
occurring  in  the  near-wake  due  to  base  bleed  and  is  motivated  by  the  lack  of  detailed  velocity  and 
turbulence  data  in  this  flowfield.  The  experimental  techniques  used  include  static  pressure 
measurements,  schlieren  and  shadowgraph  photography,  and  two-component  laser  Doppler 
velocimetry  (LDV).  The  comprehensive  LDV  mean  velocity  and  turbulence  measurements 
obtained  during  this  study  provide  valuable  insight  into  the  physics  of  the  base  bleed  mechanism 
and  constitute  a  benchmark  data  set  to  aid  analytical  and  computational  efforts  in  modeling  and 
predicting  supersonic  base  flows. 

Static  pressure  measurements  show  that  with  increasing  bleed  flow  rate,  the  average  base 
pressure  increases  initially,  attains  a  peak  value  near  an  injection  parameter  of  I  =  0.0148,  and 
then  decreases  with  further  increase  in  I.  The  peak  base  pressure  ratio  at  the  optimum  bleed 
condition  is  18.5%  higher  than  the  blunt  base  case  and  5.7%  higher  than  for  a  5  degree  boattailed 
afterbody.  Axial  LDV  traverses  show  peaks  in  turbulent  kinetic  energy  along  the  centerline  at  the 
forward  and  rear  stagnation  point  locations.  Centerline  measurements  also  indicate  the  near¬ 
disappearance  of  the  primary  recirculation  region  near  the  optimum  bleed  condition.  Detailed  mean 
velocity  and  turbulence  data  were  obtained  in  the  entire  near-wake  flowfield  for  three  different 
bleed  cases  corresponding  to  low  bleed,  slightly  pre-optimal  bleed,  and  slightly  post-optimal  bleed 
conditions.  These  measurements  indicate  that  the  bleed  flow  provides  at  least  some  of  the  fluid 
required  for  shear  layer  entrainment  and  shields  the  base  annulus  from  the  outer  shear  layer  and  the 
primary  recirculation  region,  leading  to  an  increase  in  base  pressure.  There  is  an  overall  reduction 
in  turbulence  levels  throughout  the  base  bleed  flowfields  relative  to  the  near-wake  flowfields  of 
blunt-based  and  boattailed  afterbodies.  With  increasing  bleed,  the  formation  of  a  strong  bleed  jet 
shear  layer  and  secondary  recirculation  region  near  the  base  annulus  offsets  the  benefits  of  base 
bleed,  leading  to  a  drop  in  the  base  pressure.  At  all  bleed  conditions,  the  Reynolds  normal  stress 
distribution  is  highly  anisotropic  with  the  axial  component  dominating  the  near-wake  turbulence 
field.  The  net  benefits  of  base  bleed  are  maximized  at  the  optimum  bleed  condition,  which 
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corresponds  to  the  highest  base  pressure,  the  disappearance  of  the  primary  recirculation  region, 
and  the  lowest  turbulence  and  entrainment  levels  in  the  near-wake  flowfield. 

The  conq)lete  manuscript  of  this  thesis  is  available  from  the  authors  of  this  report. 

A. 2 6  CONDITIONALLY  ANALYZED  MEAN  VELOCITY  AND  TURBULENCE 
MEASUREMENTS  IN  A  PLUME-INDUCED  BOUNDARY  LAYER 
SEPARATED  FLOWFIELD 

A  supersonic  plume-induced  boundary  layer  separated  (PIBLS)  flowfield  occurs  when  an 
underexpanded  exhaust  plume  obstructs  the  flow  around  a  rocket  causing  an  oblique  shock  wave 
to  form  on  the  afterbody.  The  shock  oscillates  randomly  in  the  streamwise  direction  causing  an 
unsteady  boundary  layer  separation  that  complicates  prediction  and  measurement  of  PIBLS 
fiowfields.  This  study  provides  the  first  turbulence  measurements  in  a  PIBLS  flowfield  and, 
consequendy,  the  first  benchmark  data  for  evaluating  future  computational  models  for  such  flows. 

Conditionally  analyzed  two-component  laser  Doppler  velocimetry  (LD  V)  measurements 
were  made  in  a  planar,  two-dimensional  PIBLS  flow  containing  an  unsteady  oblique  shock  wave 
formed  by  the  convergence  of  two  supersonic  streams  past  a  thick  plate.  High-speed  wall  pressure 
measurements  were  used  to  locate  the  shock  wave  and,  consequently,  allow  separation  of  the 
effects  of  shock  wave  motion  from  the  turbulence  fluctuations  in  the  velocity  measurements  of  a 
shock-separated  free  shear  layer.  It  was  found  that  isolating  the  large-scale  changes  in  the  shock 
position  from  the  turbulence  reduces  the  experimental  scatter  rather  than  substantially  changing  the 
shapes  or  magnitudes  of  the  turbulent  stress  profiles.  Changes  in  shock  motion  direction, 
however,  do  significantly  alter  the  turbulent  stresses.  This  is  the  first  direct  evidence  of  the  effects 
of  changes  in  shock  wave  position  on  turbulence  amplification. 

The  shock-induced  separation  process  was  found  to  dramatically  increase  the  streamwise 
and  transverse  Reynolds  normal  stresses  (which  both  peak  near  reattachment),  the  primary  shear 
stress,  and  the  normal  stress  anisotropy.  The  shock-separated  shear  layer  consists  of  only  a  single 
layer  with  a  large  initial  growth  rate  followed  by  a  much  smaller  growth  rate,  instead  of  the  two 
layers  found  in  rapidly  expanded  shear  layers.  The  large-scale  structures  in  the  shock-separated 
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shear  layer  span  the  shear  layer  width  and  exhibit  a  uniform  transverse  size.  These  structures 
display  positive  and  negative  shear  stresses  on  their  upper  and  lower  edges,  respectively,  and  are 
greatly  altered  by  reattachment.  All  turbulent  stresses  decrease  and  the  normal  stress  isotropy 
increases  in  the  developing  wake. 

The  complete  manuscript  of  this  thesis  is  available  from  the  authors  of  this  report. 
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Abstract.  An  experimental  study  of  the  effects  of  velocity  bias  in 
single  realization  laser  Doppler  velocimetry  measurements  in  a  high¬ 
speed,  separated  flow  environment  is  reported.  The  objective  of  the 
study  is  to  determine  a  post-facto  correction  method  which  reduces 
velocity  bias  after  individual  realization  data  have  been  obtained. 
Data  are  presented  for  five  velocity  bias  correction  schemes:  inverse 
velocity  magnitude  weighting,  interarrival  time  weighting,  sample 
and  hold  weighting,  residence  time  weighting,  and  the  velocity-data 
rate  correlation  method.  These  data  were  compared  to  a  reference 
measurement  (saturable  detector  sampling  scheme);  the  results  show 
that  the  interarrival  time  weighting  method  compares  favorably 
with  the  reference  measurement  under  the  present  conditions. 


1  Introduction 

Laser  Doppler  velocimetry  (LDV)  has  become  a  popular 
experimental  tool  to  measure  the  velocity  filed  in  a  variety 
of  fluid  dynamic  environments.  Due  to  its  non-intrusive 
nature  and  ability  to  discriminate  flow  direction,  LDV  is 
well-suited  for  applications  involving  large  regions  of  flow 
separation.  The  current  study  is  part  of  an  experimental 
program  investigating  the  separated,  near-wake  flowfield 
behind  a  body  of  revolution  immersed  in  a  supersonic 
freestream.  Characterizing  the  mean  and  turbulent  veloc¬ 
ity  fields  downstream  of  the  base  surface  with  a  two- 
component  LDV  system,  including  the  large  separated 
region  immediately  downstream  of  the  base,  has  been  the 
focus  of  the  research;  hence,  a  detailed  investigation  of  the 
accuracy  of  LDV  measurements  in  this  flow  environment 
is  necessary.  The  present  paper  describes  an  experimental 
study  which  examines  the  effects  of  velocity  bias  on  LDV 
data  in  high-speed,  separated  flows  and  compares  tradi¬ 
tional  methods  to  correct  for  this  bias. 

When  individual  realization  LDV  measurements  are 
made  in  turbulent  flows,  a  velocity  bias  caused  by  the 
correlation  between  the  data  sampling  process  and  the 
magnitude  of  the  instantaneous  velocity  exists.  McLaugh¬ 
lin  and  Tiederman  (1973)  first  recognized  this  bias  and 
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showed  that  its  magnitude  was  proportional  to  the  square 
of  the  local  turbulence  intensity.  This  result  can  be  used  in 
a  qualitative  sense  to  determine  if  and  when  the  effects  of 
velocity  bias  are  appreciable.  In  supersonic  base  flows, 
turbulence  intensities  are  generally  large  in  the  separated 
shear  layer,  especially  near  the  point  of  reattachment 
(Amatucci  et  al.  1992).  The  magnitude  of  velocity  bias 
present  in  individual  realization  data  taken  in  this  region 
can,  therefore,  be  significant. 

Several  techniques  to  eliminate  the  velocity  bias  have 
been  proposed,  and  most  fall  into  two  general  categories: 
post-facto  correction  methods  and  sampling  methods. 
Techniques  in  the  former  category  generate  correction 
factors  for  the  individual  realizations  that  are  used  in 
computing  the  mean  flowfield  quantities.  The  following 
equation  is  used  to  calculate  the  ensemble-averaged  value 
of  the  arbitary  velocity  statistic  x: 


(1) 


where  w  is  a  weighting  factor  and  the  summations  are 
taken  over  the  entire  ensemble  (WfS  1  corresponds  to  the 
totally  biased,  individual  realization  case).  Several  forms 
of  the  weighting  factor  have  been  proposed  including  the 
inverse  velocity  magnitude  (McLaughlin  and  Tiederman 
1973),  particle  interarrival  time  (Hoesel  and  Rodi  1977), 
and  particle  residence  time  (Buchhave  and  George  1978). 
The  second  category  of  techniques  to  eliminate  velocity 
bias  are  methods  which  attempt  to  reconstruct  a  time 
series  with  the  same  statistics  as  that  of  the  turbulent  flow. 
Commonly  used  methods  which  fit  into  this  category 
include  the  controlled  processor  (Erdmann  and  Tropea 
1981),  saturable  detector  (Edwards  1978),  and  sample  and 
hold  processor  (Dimotakis  1976).  While  the  controlled 
processor  and  saturable  detector  are  sampling  techniques 
which  utilize  only  a  fraction  of  the  LDV  data  available, 
the  sample  and  hold  processor  reconstructs  a  time  series 
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using  the  entire  data  ensemble  which  makes  it  attractive 
for  high-speed  flow  applications  with  limited  wind  tunnel 
run  times. 

The  task  of  deciding  which  method  best  eliminates  the 
effects  of  velocity  bias  can  be  difficult  considering  the 
several  conflicting  recommendations  in  the  literature.  This 
is  especially  true  in  high-speed  flow  applications  where 
only  limited  experimental  verification  of  velocity  bias  ef¬ 
fects  exists  (e.g.,  Petrie  et  al.  1988).  Differences  between 
high-speed  and  low-speed  flows  which  can  have  signifi¬ 
cant  effects  on  velocity  bias  include  flow  time  scales,  seed 
particle  concentrations,  and  compressibility  effects.  In  ad¬ 
dition,  another  important  constraint  on  choosing  a  veloc¬ 
ity  bias  correction  method  for  high-speed  flows  can  be  the 
limited  run  time  of  conventional  blowdown-type  wind 
tunnels.  Typical  wind  tunnel  run  times  and  relatively 
sparse  seed  densities  generally  preclude  the  use  of  sam¬ 
pling  methods  to  correct  for  velocity  bias  in  high-speed 
flows.  Hence,  a  post-facto  correction  method  (Eq.  1), 
which  can  be  used  with  the  entire  data  ensemble  to  reduce 
the  effects  of  velocity  bias  after  data  acquisition  has  been 
completed,  is  desired. 

In  the  present  study,  an  objective  comparison  of  the 
different  correction  methods  for  velocity  bias  is  made.  The 
main  motivation  of  the  research  is  to  determine  experi¬ 
mentally  which  post-facto  correction  methods  are  best 
suited  for  high-speed,  separated  flow  applications  with 
typical  seed  concentrations  and  turbulence  intensity 
levels.  In  addition,  obtaining  experimental  data  concern¬ 
ing  the  effects  of  velocity  bias  on  mean  velocities,  turbu¬ 
lence  intensities,  and  the  Reynolds  shear  stress  in 
high-speed,  separated  flow  will  add  to  the  current  under¬ 
standing  of  the  problem  in  this  flow  environment. 


2  Experimental  apparatus 

The  experiments  described  herein  were  conducted  in 
a  blowdown-type  wind  tunnel  located  in  the  Gas  Dy¬ 
namics  Laboratory  at  the  University  of  lUinois.  As  pre¬ 
viously  mentioned,  this  wind  tunnel  is  being  used  to  study 
the  supersonic,  axisymmetric  base  flow  problem.  A  sche¬ 
matic  diagram  showing  the  general  features  of  the  near¬ 
wake  behind  a  circular  cylinder  (verified  by  schlieren 
photography  in  the  present  case)  is  shown  in  Fig.  1.  As  the 
turbulent  boundary  layer  separates  from  the  afterbody, 
a  free  shear  layer  is  formed  which  separates  the  outer 
inviscid  flow  from  the  recirculation  region  immediately 
behind  the  base.  The  shear  layer  undergoes  a  recompres¬ 
sion-realignment  process  to  satisfy  the  symmetry 
condition,  and  a  wake  develops  downstream  of  the  rear 
stagnation  point. 

Two-component  LDV  data  have  been  acquired 
throughout  the  near-wake;  however,  the  detailed  velocity 
bias  study  presented  herein  will  consider  only  one  repres- 


Approach 

Freestream 

^  Expansion 


field 


entative  traverse  across  the  shear  layer.  The  location  of 
the  traverse  (shown  in  Fig.  1)  is  at  a  downstream  distance 
of  x/R  =  1.6  from  the  base  plane  where  R  is  the  radius  of 
the  afterbody  (R  =  31.75  mm).  The  LDV  data  obtained  at 
this  location  contain  several  attributes  commonly  found 
in  high-speed  separated  flows,  including  large  variations 
in  mean  velocity  ( +  605  m/s  in  the  freestream  to  — 160  m/s 
along  the  centerline)  and  large  turbulent  fluctuations 
(local  turbulence  intensities  up  to  400%).  Due  to  the 
relatively  large  data  ensembles  required  to  obtain 
the  reference  measurements  (saturable  detector  scheme)  in 
the  present  experiments,  twenty  wind  tunnel  blowdowns 
were  required  to  obtain  the  entire  traverse  of  LDV  data. 

The  LDV  system  employed  was  a  TSI  Inc.  two- 
component  unit  with  conventional  optics  and  Bragg  cell 
frequency  shifting  (40  MHz)  to  eliminate  fringe  blindness 
and  discriminate  flow  direction.  The  LDV  measurement 
volume  was  approximately  120  pm  in  diameter  and 
700  pm  in  length  with  a  nominal  fringe  spacing  of  10.5  pm. 
Doppler  frequencies  were  measured  with  a  TSI  Inc.  IFA- 
750  autocorrelation  processor  which  was  completely  in¬ 
tegrated  with  a  Gateway  2000  486-33  personal  computer 
for  automated  data  acquisition.  Use  of  the  IFA-750  in  the 
present  experiments  provided  measurements  of  the  in¬ 
terarrival  time  and  the  particle  residence  time  with  each 
velocity  measurement.  Seed  particles  were  generated  by 
a  conventional  siz-jet  atomizer  filled  with  silicone  oil 
which  has  been  shown  (Bloomberg  1989)  to  produce  mean 
particle  diameters  of  0.8  pm.  The  effective  Stokes  number 
at  the  measurement  location  was  approximately  0.15 
which  was  sufficiently  small  to  avoid  any  significant  par¬ 
ticle  lag  effects. 


3  Experimental  technique 

In  order  to  make  an  objective  comparison  between  differ¬ 
ent  velocity  bias  correction  techniques,  it  is  necessary  to 
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establish  a  reference  measurement.  Once  the  reference  is 
established,  different  post-facto  correction  techniques  are 
applied  to  the  same  raw  data  ensembles  as  used  in  the 
reference  data.  Subsequently,  a  simple  side-by-side  com¬ 
parison  of  the  results  obtained  with  different  correction 
techniques  to  the  reference  is  performed  in  order  to  inves¬ 
tigate  the  effects  of  velocity  bias  in  the  current  flow  envi¬ 
ronment.  In  the  sections  that  follow,  the  reference 
measurement  will  be  described  and  the  five  post-facto 
correction  schemes  to  be  examined  will  be  discussed. 

3J  Reference  measurement 

Establishing  a  reference  measurement  for  LDV  data  in 
high-speed,  separated  flows  has  been  the  primary  problem 
in  identifying  the  effects  of  velocity  bias  under  these  condi¬ 
tions.  Hot-wire  anemometry,  a  useful  tool  in  attached 
flows  with  relatively  low  turbulence  levels,  cannot  be  used 
accurately  in  high-speed  separated  flows  due  to  its  intru¬ 
sive  nature  and  unreliability  at  high  turbulence  intensity 
levels.  In  the  current  study,  the  saturable  detector  samp¬ 
ling  technique  is  used  as  the  reference  measurement.  A 
description  of  the  technique  and  a  discussion  of  its 
applicability  to  the  present  measurements  are  presented 
below. 

The  saturable  detector  scheme  is  shown  in  Fig.  2. 
During  data  acquisition,  the  detector  is  disabled  for  a  pe¬ 
riod  Ts  after  a  measurement  is  recorded,  thus  introducing 
a  dead  time  in  the  acquisition  process  when  no  measure¬ 
ments  are  possible.  In  practice,  most  individual  realization 
systems  are  saturable  detectors  with  small  such  that 
nearly  every  particle  crossing  occurs  while  the  processor  is 
enabled.  The  saturable  detector  has  been  used  successfully 
by  a  number  of  researchers  to  minimize  the  effects  of 
velocity  bias  in  low-speed  flows  (Stevenson  et  al.  1982, 
Adams  and  Eaton  1985,  Craig  et  al.  1986). 

The  saturable  detector  scheme  belongs  to  the  general 
class  of  sampling  techniques  known  as  controlled  proces- 

•  Valid  Particle 


Fig.  2.  Sampling  procedure  of  the  saturable  detector  (after  Edwards 
1987) 


sors.  These  techniques  can  remove  the  dependence  of 
sampling  rate  on  flow  velocity  and,  therefore,  provide 
unbiased  LDV  data.  It  has  been  established  (Edwards  and 
Jensen  1983,  Gould  et  al.  1989,  Winter  et  al.  1991)  that  the 
success  of  controlled  processors  in  eliminating  velocity 
bias  effects  is  dependent  on  the  relative  magnitudes  of 
three  time  scales:  the  local  integral  time  scale  of  the  flow 
(r„),  the  LDV  measurement  time  scale  (r„),  and  the  con¬ 
trolled  processor  sampling  time  scale  (Tj).  In  this  context, 
the  integral  time  scale  of  the  flow  describes  the  “persist¬ 
ence”  time  of  the  energy-containing  turbulent  eddies;  the 
measurement  time  scale  is  merely  the  inyerse  of  the  mean 
data  rate.  For  an  LDV  system  with  high  integral  scale 
data  densities  {TJT„>\),  several  authors  (Gould  et  al. 
1989,  Winter  et  al.  1991,  Tummers  et  al.  1992)  have  sug¬ 
gested  that  the  following  two  criteria  must  be  met  in  order 
for  a  controlled  processor  to  produce  bias-free  results: 

TJT„^5  and  TJT„^S  (2) 

In  the  current  study,  the  integral  time  scale  of  the  flow  was 
estimated  from  the  results  of  Gaviglio  et  al.  (1977)  who 
used  hot-wire  anemometry  to  measure  values  of  approx¬ 
imately  r„  =  2ns  in  a  similar  supersonic,  axisymmetric 
base  flow  experiment.  This  value  is  also  approximately 
equal  to  the  shear  layer  eddy  rollover  time  (b/JI/)  cal¬ 
culated  using  the  current  conditions.  The  measurement 
time  scale  is  dependent  on  the  signal-to-noise  ratio  of  the 
Doppler  signal,  the  LDV  processor  capabilities,  and  the 
seed  concentration  in  the  flow.  Mean  coincident  data  rates 
ranged  from  3000-10000  samples  per  second  in  the  pres¬ 
ent  experiments,  yielding  an  average  measurement  time 
scale  of  approximately  r„  =  150ps.  The  sampling  time 
scale  Tj  was  varied  experimentally  from  0.1-10  times  the 
measurement  time  scale. 

A  comparison  of  the  relative  time  scales  (with 
7;  =  10r„)  indicates  that  TslT„xl50  which  approaches 
the  definition  of  the  one-shot  processor  {T,ITu—*<X})  as 
given  by  Erdmann  and  Tropea  (1981,  1984).  These 
authors  showed  analytically  that  the  one-shot  processor 
was  capable  of  eliminating  the  effects  of  velocity  bias  as 
the  integral  scale  data  density,  TJT„,  approaches  zero.  In 
the  current  study,  TJT„k0.01  which,  according  to  the 
results  of  Erdmann  and  Tropea  (1981,  1984),  seems  to 
justify  the  use  of  the  saturable  detector  scheme  as  a  means 
to  reduce  velocity  bias  in  this  case.  Note  that  the  present 
conditions  are  far  different  from  those  established  for 
bias-free  sampling  in  the  high  data  density  case  (Eq.  2). 
Several  authors  have  cast  doubt  on  the  conclusions  of 
Erdmann  and  Tropea  (1981, 1984)  for  one-shot  processors 
(Edwards  and  Jensen  1983,  Edwards  1987,  Winter  et  al. 
1991)  suggesting  that,  instead  of  eliminating  the  velocity 
bias  at  very  low  data  densities,  the  one-shot  processor 
approaches  the  totally  biased  individual  realization  case. 
The  large  discrepancy  between  these  results  must  be 
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resolved  by  experimental  means;  however,  to  the  authors’ 
knowledge,  no  experimental  data  at  the  very  low  data 
densities  of  the  present  study  have  been  obtained 
previously. 

The  saturable  detector  scheme  in  the  present  case  was 
implemented  in  software  by  processing  relatively  large 
data  sets  (20,000-25,000  realizations  per  ensemble)  with 
various  sampling  time  scales,  T,.  The  dependence  of  the 
mean  velocities,  turbulence  intensities,  and  Reynolds 
shear  stress  on  the  normalized  sample  interval,  was 

investigated  by  altering  (in  software)  the  value  of  T,  start¬ 
ing  at  very  small  values  to  simulate  the  totally  biased 
individual  realization  case  and  increasing  until 
Figure  3  is  a  plot  of  the  mean  axial  velocity, 
axial  root-mean-square  (rms)  velocity  fluctuation,  and 
Reynolds  shear  stress  as  a  function  of  the  normalized 
sample  interval  at  a  location  near  the  inner  edge  of  the 
shear  layer  where  the  local  turbulence  intensity  is  approx¬ 
imately  138%.  This  plot  is  representative  of  the  results 
obtained  throughout  the  regions  of  large  turbulence  inten¬ 
sity  in  the  shear  layer  (i.e.,  regions  where  velocity  bias 
effects  should  be  largest)  and  are  similar  to  the  ones  shown 
by  Stevenson  et  al.  (1982)  and  Craig  et  al.  (1986).  As 
Fig.  3  indicates,  all  three  velocity  statistics  are  dependent 
on  the  normalized  sample  interval  for  TJT^n  <  5  and  reach 
constant  values  (indicated  by  the  *  subscript)  at  larger 
normalized  sample  intervals.  This  trend  has  also  been 
observed  by  Winter  et  al.  (1991)  and  Tummers  et  al.  (1992) 
who  point  out  that,  although  the  asymptotic  behavior  at 
large  indicates  a  reduction  in  velocity  bias,  it  does 

not  by  itself  guarantee  the  total  elimination  of  velocity  bias 
unless  TJT„Z5  (i.e.,  high  data  density  case).  In  the  pres¬ 
ent  case,  the  constant  values  for  7’s/r„>5  differ  from 
those  of  the  individual  realization  case  (T^/r^— ►O)  which 
suggests  that  the  saturable  detector  does  indeed  reduce 
velocity  bias  in  this  low  data  density  environment,  in 
agreement  with  the  findings  of  Winter  et  al.  (1991)  and 
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Fig.  3.  Dependence  of  mean  axial  velocity,  axial  rms  velocity 
fluctuation,  and  Reynolds  shear  stress  on  Ts/T„ 


Tummers  et  al.  (1992).  Therefore,  it  is  believed  that  the 
data  obtained  using  the  saturable  detector  scheme  and 
TslT„>  5  can  be  used  as  a  reference  for  comparison  with 
post-facto  correction  methods. 


3,2  Post‘facto  correction  methods 

A  brief  review  of  the  five  post-facto  correction  methods 
that  are  compared  in  this  paper  will  now  be  presented. 
Along  with  identification  of  the  velocity  bias  problem, 
McLaughlin  and  Tiedeiman  (1973)  also  provided  the  first 
velocity  bias  correction  method:  the  inverse  velocity  mag¬ 
nitude  correction.  In  the  nomenclature  of  Eq.  1, 

Wi=iKr'  (3) 

where  Vi  is  the  velocity  magnitude  of  the  ith  realization. 
This  correction  method  was  originally  derived  for  incom¬ 
pressible,  one-dimensional  flows  but  has  been  used  signifi¬ 
cantly  in  a  wide  variety  of  fluid  dynamic  environments 
(e.g.,  Amatucci  et  al,  1992,  Abu-Hijleh  and  Samimy  1989). 
Oftentimes,  a  direct  measurement  of  the  total  velocity 
vector  is  not  possible  so  that  assumptions  must  be  made 
concerning  the  contributions  from  any  unmeasured  com¬ 
ponents.  Nakayama  (1985)  and  Petrie  et  al.  (1988)  suggest 
methods  to  estimate  the  third  component  of  velocity  in 
a  two-component  LDV  data  set.  The  effects  of  the  three- 
dimensional  correction,  however,  were  shown  to  be 
significant  only  when  both  measured  mean  velocity  com¬ 
ponents  were  negligible.  In  the  present  case,  either  the 
axial  or  radial  mean  velocity  was  always  significant  such 
that  a  three-dimensional  correction  was  not  necessary. 

Weighting  each  velocity  realization  with  the  particle 
residence  time  in  the  LDV  measurement  volume,  W|  = 
has  also  been  suggested  as  a  method  to  correct  for  the 
effects  of  velocity  bias  (Hoesel  and  Rodi  1977,  Buchhave 
and  George  1978).  This  method  is  founded  on  the  inverse 
relationship  between  particle  residence  time  and  velocity. 
The  performance  of  residence  time  weighting  should  be 
independent  of  the  number  of  components  measured  but 
degrades  as  velocity  magnitudes  increase  due  to  hardware 
accuracy  and  resolution  limitations  of  the  residence  time 
measurement.  Residence  time  weighting  is  the  most  diffi¬ 
cult  of  the  five  post-facto  correction  methods  to  imple¬ 
ment  in  practice  due  to  the  difficulties  in  making  accurate 
measurements  of  Xf, 

Barnett  and  Bentley  (1974)  concluded  that  weighting 
the  individual  velocity  realizations  by  the  interarrival  time 
between  successive  particles  was  a  viable  method  to 
remove  any  velocity  bias  effects.  That  is,  = 
where  is  the  absolute  time  of  arrival  for  particle  i, 
Barnett  and  Bentley  (1974)  also  suggested  that  long  time 
delays  relative  to  the  characteristic  time  of  the  turbulent 
fluctuations  (i.e.,  TJTuPl)  destroy  any  correlation 
between  instantaneous  velocity  and  sampling  rate.  As 
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previously  mentioned,  this  hypothesis  has  still  not  been 
adequately  investigated  for  high-speed  separated  flows. 
A  variation  on  the  interarrival  time  weighting  method  is 
the  sample  and  hold  technique  (Dimotakis  1976,  Adrian 
and  Yao  1987)  which  weights  the  individual  realizations 
by  =  — 4  Although  Winter  et  al.  (1991)  suggested 

that  the  interarrival  time  weighting  and  sample  and  hold 
weighting  methods  should  yield  the  same  results  at  all 
data  densities,  they  will  both  be  investigated  and  com¬ 
pared  in  the  present  experiments. 

The  last  velocity  bias  correction  method  that  will  be 
investigated  is  the  velocity-data  rate  correlation  method 
described  by  Meyers  (1988).  Using  this  technique,  the 
persistence  time  of  the  flow  and  the  correlation  coefficient 
between  the  instantaneous  velocity  and  data  acquisition 
rate  are  estimated  from  individual  realization  LDV  mea¬ 
surements.  The  LDV  data  ensemble  is  subsequently  sam¬ 
pled  once  during  each  persistence  period  of  the  flow  to 
yield  a  new  ensemble  of  statistically  independent  measure¬ 
ments.  To  correct  for  velocity  bias  effects,  the  sampled 
data  are  normalized  by  the  average  number  of  LDV 
realizations  following  a  sampled  velocity  within  an  aver¬ 
age  persistence  interval.  This  technique  is  actually  a  mix 
between  sampling  and  correction  techniques,  but  since  it 
can  be  applied  after  data  acquisition  to  any  ensemble  of 
individual  realization  LDV  data,  it  is  a  feasible  correction 
technique  for  high-speed  flow  applications  with  limited 
wind  tunnel  run  times. 


4  Results 

In  order  to  document  the  effects  of  velocity  bias  at  differ¬ 
ent  locations  across  the  shear  layer,  the  reference  data 
(saturable  detector)  are  compared  to  the  unweighted  indi¬ 
vidual  realization  data  in  Fig.  4.  The  velocity  bias  effects 
on  the  mean  axial  velocity  (Fig.  4a)  follow  the  expected 
trend  with  mean  velocities  from  the  individual  realization 
case  being  consistently  higher  than  the  reference  data  in 
the  high  turbulence  intensity  regions  of  the  shear  layer 
(near  r/R =0.5).  In  the  outer  freestream  flow,  the  velocity 
bias  is  negligible  as  expected.  Note  that  as  the  mean  axial 
velocity  changes  sign  entering  the  recirculation  region,  the 
velocity  bias  acts  to  increase  the  magnitude  of  the  reversed 
velocity.  At  the  U=0  location,  the  effects  of  velocity  bias 
are  negligible  due  to  the  symmetry  of  the  velocity  histo¬ 
gram  about  the  origin  and  the  competing  effects  from 
positive  and  negative  realizations  (Adams  and  Eaton 
1985).  The  mean  radial  velocity  component  (F,)  in  the 
shear  layer  was  also  affected  by  velocity  bias  in  a  manner 
similar  to  the  mean  axial  velocity  with  the  magnitudes  of 
the  individual  realization  data  generally  exceeding  the 
reference  values. 

The  effects  of  velocity  bias  on  the  axial  rms  velocity 
fluctuation  (erj  and  Reynolds  shear  stress  (iu'Vr})  are 
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Fig.  4a-c.  Comparison  of  reference  data  to  individual  realization 
data:  a  mean  axial  velocity;  b  axial  rms  velocity  fluctuation; 
c  Reynolds  shear  stress 


shown  in  Figs.  4b  and  4c,  respectively.  Note  that  a  global 
definition  of  turbulence  intensity  {oJUJ)  is  used  in 
Fig.  4b  instead  of  the  typical  local  definition  (aJU)  to 
isolate  the  effects  of  velocity  bias  on  the  rms  velocity 
fluctuation  alone.  As  is  typical  of  separated  shear  layers, 
a  strong  peak  in  the  turbulence  intensity  and  shear  stress 
exists  where  intense  turbulent  mixing  and  energy  ex¬ 
change  dominate  the  flow.  In  the  present  case,  the  peak 
values  occur  relatively  near  the  t/=0  location  such  that 
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velocity  bias  effects  do  not  distort  the  magnitudes  of  the 
local  maxima.  However,  the  effects  of  velocity  bias  are 
significant  in  the  regions  of  the  shear  layer  where  the  mean 
velocity  is  moderate  and  turbulence  intensity  is  large  (e,g., 
r/1?  a  0.55).  Velocity  bias  tends  to  decrease  the  magnitudes 
of  both  the  turbulence  intensity  and  shear  stress  indepen¬ 
dent  of  the  direction  of  the  local  mean  velocity.  In  addi¬ 
tion,  velocity  bias  effects  in  the  separated  region  are  re¬ 
duced  compared  to  those  in  the  outer  part  of  the  shear 
layer  even  though  local  turbulence  intensities  are  similar. 
The  radial  rms  velocity  fluctuation  (cvr)  was  also  deter¬ 
mined  and  exhibited  trends  similar  to  those  shown  in  Fig. 
4b  for  the  axial  component.  The  differences  between  the 
saturable  detector  and  individual  realization  data  once 
again  suggest  the  ability  of  the  sampling  method  to  reduce 
velocity  bias  effects  in  agreement  with  the  findings  of 
Winter  et  al.  (1991)  and  Tummers  et  al.  (1992). 

The  same  raw  data  ensembles  that  were  processed  in 
software  using  the  saturable  detector  scheme  were  also 
processed  with  the  different  post-facto  correction  tech¬ 
niques  discussed  above.  A  comparison  of  the  results 
obtained  with  each  correction  technique  will  now  be  pres¬ 
ented.  Figure  5  shows  the  reference  mean  axial  velocity 
profile  along  with  the  data  from  the  five  post-facto  correc¬ 
tion  methods  (in  this  and  subsequent  figures,  the  compari¬ 
son  between  the  five  correction  methods  is  shown  on  two 
separate  plots  for  clarity).  As  shown  in  Fig.  5a,  the  inverse 
velocity  magnitude  weighting  factor  tends  to  overcorrect 
(in  comparison  to  the  reference  data)  for  the  effects  of 
velocity  bias  both  above  and  below  the  [/  =  0  location  in 
the  shear  layer.  This  may  be  due,  in  part,  to  the  three- 
dimensional  nature  of  the  flow  as  well  as  non-uniform 
seeding  effects.  The  interarrival  time  weighting,  sample 
and  hold  weighting,  and  velocity-data  rate  correlation 
methods  all  compare  favorably  with  the  reference  mea¬ 
surement  whenever  t/>0,  but  in  the  recirculation  region, 
the  interarrival  time  weighting  is  superior.  In  general,  the 
residence  time  weighting  factor  tends  to  overcorrect  the 
data  in  comparison  to  the  reference  measurement  across 
the  entire  traverse  although  to  a  lesser  degree  than  the 
inverse  velocity  magnitude  technique.  All  five  post-facto 
correction  techniques  yield  similar  results  in  regions  of  the 
flow  where  velocity  bias  effects  are  negligible  such  as  the 
freestream  and  U=0  locations. 

As  Fig.  4  indicates,  the  effects  of  velocity  bias  are  not 
limited  to  the  mean  velocity,  but  are  quite  important  in 
accurately  determining  the  turbulence  moments  as  well. 
Figure  6  is  a  plot  of  the  axial  turbulence  intensity  profile 
as  determined  by  the  reference  measurement  and  the  five 
post-facto  correction  methods.  The  differences  in  perfor¬ 
mance  of  each  correction  technique  become  more  evident 
here,  with  the  profile  significantly  distorted  by  the  inverse 
velocity  magnitude  and  residence  time  weighting 
methods.  A  translation  of  the  peak  turbulence  intensity 
location  radially  outward  is  a  result  of  both  of  these 


Fig.  5a,  b.  Comparison  of  post-facto  correction  methods  with  refer¬ 
ence  data  for  mean  axial  velocity:  a  inverse  velocity  magnitude  and 
interarrival  time  weightings;  b  sample  and  hold  weighting,  residence 
time  weighting,  and  velocity-data  rate  correlation  method 

methods,  and  turbulence  intensity  values  vary  consider¬ 
ably  from  the  reference  data  across  the  shear  layer.  As  in 
the  mean  velocity,  the  interarrival  time  and  sample  and 
hold  weighted  turbulence  intensity  distributions  agree 
quite  well  with  the  reference  data.  The  velocity-data  rate 
correlation  method  also  agrees  with  the  reference  data 
throughout  most  of  the  profile;  however,  the  profile  be¬ 
comes  distorted  near  the  peak  turbulence  intensity  loca¬ 
tion.  A  similar  comparison  was  also  done  for  the  radial 
turbulence  intensity  with  each  correction  method  behav¬ 
ing  in  a  similar  manner  as  that  indicating  in  Fig.  6. 

A  comparison  of  the  Reynolds  shear  stress  profiles  as 
calculated  by  the  five  post-facto  correction  methods  is 
shown  in  Fig.  7,  Again,  the  differences  between  methods 
are  significantly  more  apparent  than  in  the  mean  velocity. 
Much  like  in  the  turbulence  intensity,  the  inverse  velocity 
magnitude  correction  significantly  distorts  the  form  of  the 
shear  stress  profile  and  yields  a  peak  magnitude  that  is 
reduced  from  the  reference  measurement.  The  interarrival 
time  weighting  closely  follows  the  reference  data  through¬ 
out  the  entire  profile.  The  sample  and  hold  weighting 
method  also  agrees  reasonably  well  with  the  reference 
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Fig.  6a,  b.  Comparison  of  post-facto  correction  methods  with  refer¬ 
ence  data  for  axial  rms  velocity  fluctuation:  a  inverse  velocity  magni¬ 
tude  and  interarrival  time  weightings;  b  sample  and  hold  weighting, 
residence  time  weighting,  and  velocity-data  rate  correlation  method 


measurement  throughout  most  of  the  profile.  The  resi¬ 
dence  time  weighted  profile  exhibits  a  peak  which  is  dis¬ 
placed  outward  from  the  actual  peak  location  and  shear 
stress  values  which  differ  significantly  from  the  reference 
data  in  the  high  turbulence  intensity  region  of  the  traverse. 
Also,  the  velocity-data  rate  correlation  method  yields 
a  peak  shear  stress  value  which  is  10%  larger  in  magni¬ 
tude  than  the  reference  value,  although  most  of  the  profile 
agrees  well  with  the  reference  data. 

In  addition  to  comparing  the  respective  profiles  of 
mean  velocity,  turbulence  intensity,  and  shear  stress  from 
each  correction  method,  a  measure  of  the  agreement  of 
each  technique  with  the  reference  can  be  made  by  sum¬ 
ming  the  differences  between  the  corrected  data  and  the 
reference  data  across  the  entire  profile.  The  rms  difference 
for  each  correction  method  is  calculated  by  the  following 
equation: 

rms  difference  =  / -  (4) 

V  N 


Fig.  7a,  b.  Comparison  of  post-facto  correction  methods  with  refer¬ 
ence  data  for  Reynolds  shear  stress:  a  inverse  velocity  magnitude  and 
interarrival  time  weightings;  b  sample  and  hold  weighting,  residence 
time  weighting,  and  velocity-data  rate  correlation  method 


where  x  is  any  mean  or  turbulence  statistic  (e.g.,  U  or 
X  is  the  reference  value  of  x  at  location  j,  and  N  is 
the  number  of  measurement  locations  across  the  traverse. 
Figure  8  shows  the  rms  differences  for  the  mean  velocities, 
turbulence  intensities,  and  Reynolds  shear  stress  (note  the 
different  scales  between  the  two  plots).  In  this  figure,  each 
rms  difference  is  normalized  by  the  maximum  reference 
value  of  the  statistic  for  the  entire  traverse  in  order  to 
show  the  sensitivity  of  each  statistic  to  velocity  bias  cor¬ 
rection  methods.  Figure  8,  clearly  indicates  that  the 
interarrival  time  weighting  method  provides  the  best 
agreement  with  the  reference  in  the  present  experiments. 
Agreement  between  the  saturable  detector  scheme  at 
Ts/T„>5  (reference  technique)  and  the  interarrival  time 
weighting  method  has  also  been  found  in  several  previous 
velocity  bias  investigations  at  higher  integral  scale  data 
densities  (Adams  and  Eaton  1985,  Loseke  and  Gould 
1991,  Winter  et  al.  1991).  As  expected,  the  sample  and  hold 
weighting  technique  provides  results  which  are  nearly 
equal  to  those  of  the  interarrival  time  weighting  method 
(Winter  et  al.  1991).  On  the  other  hand,  the  inverse 
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Individual  Inverse  Inierarrival  Sample  Residence  Velocity- 
Realization  Velocity  Time  and  Hold  Time  Data  Rale 

Magnitude  Weighting  Weighting  Weighting  Correlation 
Weighting  Method 


Fig.  8a,  b.  Rms  differences  across  entire  profile:  a  mean  velocities; 
b  turbulence  quantities 


velocity  magnitude  and  residence  time  weighting  methods 
produce  mean  and  turbulence  statistics  that  are  in  signifi¬ 
cant  disagreement  with  the  reference  data.  The  sensitivity 
of  the  turbulence  statistics  (particularly  the  Reynolds 
shear  stress)  and  radial  mean  velocity  to  the  effects  of 
velocity  bias  are  clearly  shown.  The  quantity  which  is 
generally  used  to  demonstrate  velocity  bias  effects,  the 
mean  streamwise  velocity,  is  the  least  sensitive  to  the 
various  correction  methods,  which  may  account  for  the 
large  discrepancies  in  the  literature  as  to  the  superior 
correction  method  for  a  particular  flow  environment. 


5  Discussion 

As  the  previous  results  indicate,  choosing  an  adequate 
velocity  bias  correction  method  can  have  a  large  effect  on 
the  accuracy  of  mean  velocities  and  turbulence  statistics 
obtained  with  individual  realization  LDV  systems.  Use  of 
a  post-facto  correction  technique  is  generally  necessary  in 
supersonic,  blowdown-type  wind  tunnels  due  to  limited 


wind  tunnel  run  times.  In  the  high-speed,  separated  flow 
environment  of  the  present  study,  the  interarrival  time 
weighting  method  has  been  shown  to  agree  closely  with 
the  reference  saturable  detector  method  which  reduces 
velocity  bias.  In  a  similar  velocity  bias  study  in  a  low- 
speed  (20  m/s)  separated  flow  with  comparable  turbulence 
intensities,  Loseke  and  Gould  (1991)  also  showed  that  the 
interarrival  time  weighting  method  can  reduce  velocity 
bias  as  long  as  Bragg  cell  bias  (Meyers  and  Clemmons 
1978)  is  non-existent.  The  IFA-750  signal  processor  used 
in  the  present  experiments  ensures  a  single  measurement 
for  each  Doppler  burst  using  a  burst  centering  procedure, 
thus  eliminating  any  bias  due  to  the  Bragg  cell  frequency 
shifter.  A  brief  summary  of  some  of  the  important  experi¬ 
mental  aspects  which  may  have  contributed  to  the 
performance  of  each  post-facto  correction  technique 
examined  here  will  be  presented  below. 

The  inverse  velocity  magnitude  weighting  factor  was 
shown  to  be  unreliable  throughout  the  middle  region  of 
the  shear  layer  where  turbulence  intensities  are  large.  This 
conclusion  was  also  reached  by  Hoesel  and  Rodi  (1977) 
and  other  authors  who  stated  that  this  method  is  re¬ 
stricted  to  low  turbulence  intensity  environments.  In  addi¬ 
tion,  the  effects  of  compressibility  may  cause  erroneous 
results  using  this  method  since  the  rate  at  which  particles 
cross  the  measurement  volume  is  proportional  to  the  mass 
flux  {pV)  which,  for  compressible  flows,  can  be  signifi¬ 
cantly  different  than  the  dependence  on  velocity  (volume 
flux)  alone.  Lastly,  the  effects  of  non-uniform  seeding, 
which  was  undoubtedly  present  in  the  current  experi¬ 
ments  due  to  the  role  of  large  scale  turbulent  structures  in 
particle  entrainment  and  transport,  can  cause  additional 
errors  in  velocity  bias  correction  by  the  inverse  velocity 
magnitude  technique. 

The  main  problem  encountered  when  implementing 
the  residence  time  weighting  scheme  for  velocity  bias 
correction  is  the  resolution  and  accuracy  of  the  residence 
time  measurement.  In  the  IFA-750  processor,  the  resi¬ 
dence  time  measurement  is  made  with  a  resolution  of 
32  ns  which,  for  many  flow  applications,  may  be  sufficient. 
However,  in  high-speed  flows  the  large  instantaneous  ve¬ 
locities  and  the  small  measurement  volume  dimensions 
which  are  necessary  for  adequate  spatial  resolution  com¬ 
bine  to  make  particle  residence  times  very  small.  For 
example,  in  the  present  experiments  freestream  velocities 
as  high  as  605  m/s  were  measured  with  a  measurement 
volume  diameter  of  120  pm  which  yields  a  particle  resi¬ 
dence  time  of  198  ns.  In  turn,  this  results  in  a  worst-case 
residence  time  uncertainty  due  to  measurement  resolution 
of  ±  16%.  In  addition,  the  residence  time  measurement  is 
user-dependent  since  the  start  and  end  of  a  Doppler  burst 
are  determined  by  a  threshold  level  which  is  set  by  the 
user.  The  combination  of  these  effects  makes  the  residence 
time  weighting  technique  difficult  to  implement  accurately 
in  high-speed  flows. 
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The  interarrival  time  weighting  method  was  shown  to 
be  reliable  in  reducing  velocity  bias  in  the  present  high¬ 
speed,  separated  flow.  Figure  9  shows  representative  ve¬ 
locity  histograms  from  the  inner  edge  of  the  shear  layer 
generated  with  uncorrected  individual  realization  data 
and  the  same  data  after  interarrival  time  weighting.  The 
bias  toward  higher  velocity  magnitudes,  clearly  present  in 
the  unweighted  data,  appears  to  be  corrected  by  the  in¬ 
terarrival  time  weighting  (i.e.,  the  corrected  histogram  is 
normally  distributed).  Of  course,  when  implementing  the 
interarrival  time  method,  an  accurate  technique  to  mea¬ 
sure  the  time-between-data  (tbd)  must  be  used.  In  the 
present  experiments,  an  absolute  time  stamp  with  1  ps 
resolution  was  output  with  each  velocity  realization,  such 
that  the  tbd  was  determined  by  differencing  successive 
time  stamps.  Therefore,  the  uncertainty  due  to  resolution 
of  the  tbd  measurement  was  constant  for  each  realization 
in  the  ensemble,  as  opposed  to  typical  counter-type  pro¬ 
cessors  which  yield  tbd  measurements  with  varying  res¬ 
olutions,  thereby  causing  error  accumulation  throughout 
the  ensemble.  Of  course,  the  previous  comments  regarding 
the  implementation  of  the  interarrival  time  weighting 
method  also  directly  apply  to  the  sample  and  hold  weight¬ 
ing  technique. 

The  present  results  suggest  that  the  concept  of  the 
velocity-data  rate  correlation  method  in  low  data  density 
environments  must  be  altered  from  its  original  form 
(Meyers  1988).  The  calculated  persistence  time,  which  is 
an  important  part  of  the  debiasing  scheme,  must  differ 
from  the  integral  time  scale  of  the  flow  (as  defined  in  the 
original  version  of  this  method)  in  the  low  data  density 
case  since  Although  Tummers  et  al.  (1992)  sugges- 
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Fig.  9.  Effect  of  velocity  bias  correction  on  shape  of  velocity  histo¬ 
gram 
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Fig.  10.  Example  of  velocity-data  rate  correlation  plot 


ted  that  the  use  of  this  method  was  restricted  to  cases 
involving  high  data  densities,  the  present  investigation 
revealed  that  it  was  capable  of  detecting  the  velocity  bias 
in  low  data  density  environments.  Figure  10  is  a  typical 
velocity-data  rate  correlation  histogram  generated  with 
data  from  the  inner  edge  of  the  shear  layer  which  shows 
the  dependence  of  the  data  rate  on  the  total  velocity.  Note 
that  in  the  central  region  of  the  histogram  where  most  of 
the  realizations  occur,  the  data  rate  dependence  is  almost 
linear  as  suggested  by  McLaughlin  and  Tiederman  (1973). 
In  the  present  investigation,  the  calculated  correlation 
coefficient  between  velocity  and  data  rate  varied  from 
approximately  zero  in  the  freestream  to  a  peak  value  of 
0.29  near  the  inner  edge  of  the  shear  layer  (r/R =0.35).  The 
magnitudes  of  the  correlation  coefficient  are  similar  to 
those  measured  by  Tummers  et  al.  (1992)  in  a  low-speed 
wake  flow.  The  correlation  coefficient  was  found  to  be 
a  reliable  indicator  of  the  degree  of  velocity  bias  present  at 
any  spatial  location. 
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The  near  wake  of  a  circular  cylinder  aligned  with  a  uniform  Mach  2S  How  has  been  experimentally  investi¬ 
gated  in  a  wind  tunnel  designed  solely  for  this  purpose.  Mean  static  pressure  measurements  were  used  to  assess 
the  radial  dependence  of  the  base  pressure  and  the  mean  pressure  field  approaching  separation.  In  addition,  two- 
component  laser  Doppler  velocimeter  (LDV)  measurements  were  obtained  throughout  the  near  wake  including 
the  large  separated  region  downstream  of  the  base.  The  primary  objective  of  the  research  was  to  gain  a  better 
understanding  of  the  complex  fluid  dynamic  processes  found  in  supersonic  base  flowfields  including  separation, 
shear  layer  development,  reattachment  along  the  axis  of  symmetry,  and  subsequent  development  of  the  wake. 
Results  indicate  relatively  large  reverse  velocities  and  uniform  turbulence  intensity  levels  in  the  separated  region. 
The  separated  shear  layer  is  characterized  by  high  turbulence  levels  with  a  strong  peak  in  the  inner,  subsonic 
region  which  eventually  decays  through  reattachment  as  the  wake  develops.  A  global  maximum  in  turbulent 
kinetic  energy  and  Reynolds  shear  stress  is  found  upstream  of  the  reattachment  point,  which  is  in  contrast  to  data 
from  the  reattachment  of  a  supersonic  shear  layer  onto  a  solid  wall. 


Nomenclature 


:=  skin  friction  coefficient 

=  dimensionless  pressure  coefficient 

H 

=  compressible  shape  factor,  579 

M 

=  Mach  number 

k 

=  turbulent  kinetic  energy 

P 

=  pressure 

Pk 

=  production  of  k 

R 

-  base  radius 

r 

=  radial  coordinate 

S 

=  location  of  reattachment  point 

t 

=  tangential  coordinate 

U 

=  mean  axial  velocity 

“t 

=  friction  velocity 

=  mean  radial  velocity 

=  mean  tangential  velocity 

JC 

=  axial  coordinate 

y 

ss  vertical  distance,  r-/? 

y 

=  ratio  of  specific  heats 

6 

=  boundary-layer  thickness 

5* 

-  displacement  thickness 

0 

=  momentum  thickness 

Vw 

=  kinematic  viscosity  at  wall 

n 

=  wake  strength  parameter 

c 

=  root-mean-square  value 

<> 

=  ensemble-averaged  value 

Subscripts 

base 

=  condition  at  base 

u 

=  axial  component 

Vr 

=  radial  component 

V, 

=  tangential  component 

1 

=  condition  at  nozzle  exit 
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Superscript 

O'  =  fluctuating  value 

Introduction 

HE  low  pressures  that  act  in  the  base  region  of  bodies  of  revo¬ 
lution  in  supersonic  flight  can  cause  significant  amounts  of 
drag.^  For  this  reason,  practical  methods  such  as  boattailing,  base 
bleed,  and  base  burning  have  been  developed  to  increase  the  base 
pressure  on  aerodynamic  vehicles  such  as  missiles,  rockets,  and 
projectiles.  To  fu^er  enhance  vehicle  performance,  however,  a 
more  complete  understanding  of  the  complex  fluid  dynamic  pro¬ 
cesses  that  occur  in  base  flowfields  is  necessary.  Past  experimental 
efforts  have  provided  an  adequate  description  of  the  overall  flow- 
field  structure  and  some  parametric  trends,  but  very  little  detailed 
quantitative  data  exists,  especially  for  supersonic  flows.  In  fact,  a 
comprehensive  survey  of  the  available  experimental  data  on  axi- 
synunetric  base  flows  was  recently  undertaken  by  GARTEUR  Ac¬ 
tion  Group  AG09.^  After  an  exhaustive  search,  the  group  conclud¬ 
ed  that  no  accurate,  well-documented  experimental  data  existed  for 
the  near-wake  fiowfield  in  supersonic,  axisymmetric  flow.  Reli¬ 
able  turbulence  information  in  the  base  region  is  especially  scarce 
which  presents  a  problem  in  validating  numerical  predictions  of 
these  flowfields  (see  Refs.  3-5).  Clearly,  the  practical  importance 
of  increasing  the  understanding  of  axisymmetric  base  flowfields 
lies  in  the  ability  to  someday  control  the  near-wake  flow  interac¬ 
tions  such  that  base  drag  can  be  reduced  and  vehicle  stability  and 
control  can  be  enhanced. 

A  schematic  diagram  of  the  mean  fiowfield  structure  in  the  near 
wake  of  a  cylindrical  afterbody  aligned  with  a  supersonic  flow  is 
shown  in  Fig.  1.  The  supersonic  afterbody  freestream  flow  under¬ 
goes  a  strong  expansion  centered  at  the  base  comer  as  the  turbulent 
boundary  layer  separates  geometrically  from  the  body.  A  free 
shear  layer  is  formed  which  separates  the  outer  inviscid  flow  from 
a  relatively  large  recirculation  region  immediately  downstream  of 
the  base.  The  intense  turbulent  mixing  and  energy  exchange  that 
characterize  the  free  shear  layer  are  important  in  determining  the 
fiowfield  properties  throughout  the  near  wake  including  the  recir¬ 
culation  region.  As  the  free  shear  layer  approaches  the  axis  of  sym¬ 
metry,  a  recompression  process  occurs  which  eventually  realigns 
the  fiowfield  with  the  axis.  A  rear  stagnation  point,  where  the 
mean  velocity  vanishes,  is  located  on  the  centerline  and  separates 
the  recirculation  region  from  the  wake  which  develops  down¬ 
stream. 

The  early  theoretical  model  for  turbulent  base  flows  developed 
by  Korst^  prompted  several  experimental  investigations  which  at- 
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Fig.  1  Supersonic,  axisymmetric  base  flow  schematic. 


tempted  to  gather  the  empirical  information  necessary  to  complete 
the  theory.^^®  However,  many  experimental  problems,  including 
improper  model  mounting,  probe  interference  effects,  and  lack  of 
flowfield  symmetry,  hampered  these  efforts  which  resulted  in  data 
of  questionable  accuracy.  These  experimental  difficulties  stem  pri¬ 
marily  from  the  axisymmetric  geometry  of  the  body  as  well  as  the 
sensitivity  of  the  separated  region  downstream  of  the  base  to  wind- 
tunnel  interference  effects.^*  Perfiaps  the  most  comprehensive  pre¬ 
vious  study  of  supersonic  power-off  base  flows  was  undertaken  by 
Gaviglio  et  al.*^  using  a  hot-wire  anemometer.  The  overall  inviscid 
flow  structure  and  downstream  wake  properties  were  determined; 
however,  the  recirculation  region  directly  behind  the  base  was  not 
investigated  due  to  possible  probe  interference  effects  which  limits 
the  utility  of  the  data.  Neale  et  al.^^  investigated  the  mean  velocity 
field  behind  a  circular  cylinder  with  a  pitot-static  probe  but,  again, 
bypassed  the  separated  region.  Qearly,  accurate  experimental 
measurements  in  the  recirculation  region  downstream  of  the  base 
require  nonintrusive  diagnostic  techniques.  Laser  Doppler  veloci- 
metry  (LDV)  is  a  nonintrusive  velocity  measurement  tool  well- 
suited  for  such  flows.  Delery*^  used  LDV  to  successfully  docu¬ 
ment  the  near  wake  of  a  subsonic,  axisymmetric  base  flowfield. 
Detailed  mean  velocity  and  turbulence  data  were  gathered 
throughout  the  near  wake  and  provide  a  good  data  base  for  the  sub¬ 
sonic  case.  Amatucci  et  al.^^  made  similar  LDV  measurements  in  a 
supersonic,  two-stream  flowfield  with  a  two-dimensional  base  that 
modeled  the  power-on  case;  however,  the  effects  of  the  more  prac¬ 
tical  axisymmetric  configuration  were  not  investigated.  Heltsley  et 
al.*^  used  LDV  to  investigate  the  flowfield  downstream  of  a  tran¬ 
sonic,  axisymmetric,  power-on  base  flow  but  encountered  experi¬ 
mental  problems  throughout  the  measurements. 

In  the  current  study,  experiments  were  conducted  to  document 
the  entire  near-wake  flowfield  structure  behind  a  cylindrical  after¬ 
body  immersed  in  a  supersonic  flow.  Detailed  LDV  measurements 
were  made  to  obtain  a  better  understanding  of  the  fluid  dynamic 
processes  throughout  the  near  wake  including  separation,  shear 
layer  growth  and  development,  reattachment,  and  wake  redevelop¬ 
ment.  To  the  authors’  knowledge,  these  data  also  provide  the  first 
detailed  investigation  of  the  mean  and  turbulent  velocity  fields  in¬ 
side  the  recirculation  region  in  a  supersonic  base  flow.  In  addition, 
the  data  provided  herein  will  aid  both  analytical  and  numerical 
modelers  of  supersonic,  axisymmetric  base  flows. 

Experimental  Facility  and  Instrumentation 

Wind  Tunnel  Facility 

The  experiments  were  conducted  in  a  supersonic,  blowdown- 
type  wind  tunnel  designed  solely  for  the  study  of  axisymmetric 
base  flows.  Figure  2  is  a  schematic  diagram  of  the  axisymmetric 
wind-tunnel  facility  which  is  located  in  the  University  of  Illinois 
Gas  Dynamics  Laboratory.  Dry,  compressed  air  passes  from  the 
stagnation  chamber  through  a  flow  conditioning  module  consisting 
of  screens  and  honeycomb  (used  to  dampen  any  large-scale  distur¬ 
bances  generated  in  the  air  supply  process  and  to  minimize 
freestream  turbulence  levels)  and  finally  to  the  converging-diverg¬ 
ing  supply  nozzle.  The  pressure  and  temperature  in  the  stagnation 


chamber  were  consistently  maintained  at  515  ±  2.8  kPa  and  294  ± 
3  K,  respectively.  The  nozzle  takes  an  annular  shape  due  to  the 
central  sting  which  supports  the  base  model  from  upstream  to  pre¬ 
vent  any  interference  with  the  near-wake  flowfield.  The  cylindrical 
afterbody  used  in  the  present  experiments  is  63.5  mm  in  diameter 
and  is  attached  by  internal  threads  to  the  sting.  Physical  supports 
for  the  sting  are  located  outside  the  rear  of  the  stagnation  chamber 
and  inside  the  wind  tunnel  at  the  flow  conditioning  module.  The 
sting  supports  are  of  sufficient  rigidity  such  that  sting  vibration 
due  to  flowfield  fluctuations  was  negligible.  The  nominal  design 
Mach  number  and  unit  Reynolds  number  at  the  nozzle  exit  are  2.5 
and  52  (10^)  per  meter,  respectively. 

Proper  centering  of  the  afterbody/base  within  the  nozzle  is  criti¬ 
cal  in  obtaining  axisymmetric  flow  in  the  near  wake.  In  these  ex¬ 
periments,  custom-designed  wind-tunnel  adjusting  blocks  were 
used  to  adjust  the  relative  position  between  the  sting  and  nozzle 
until  an  axisymmetric  flow  was  obtained.  Oil-streak  visualization 
performed  on  the  base  was  used  effectively  to  examine  the  sting/ 
nozzle  alignment  and  was  found  to  be  a  very  sensitive  indicator  of 
the  symmetry  of  the  near-wake  flowfield.  Micrometer  measure¬ 
ments  at  the  nozzle  exit  indicated  a  maximum  afterbody  misalign¬ 
ment  of  0.13  mm  from  the  physical  nozzle  centerline. 

Experimental  Methods 

Conventional  schlieren  and  shadowgraph  photography  were 
used  to  investigate  the  qualitative  structure  of  the  near-wake  flow- 
field.  The  photographs  were  of  only  moderate  quality  due  to  the 
axisynunetric  nature  of  the  flow,  but  they  were  used  successfully 
to  confirm  the  flowfield  structure  shown  in  Fig.  1  and  to  determine 
a  proper  operating  condition  that  eliminated  any  wind-turmel  inter¬ 
ference  effects. 

Mean  static  pressure  measurements  were  made  at  several  loca¬ 
tions  on  the  base  and  afterbody  surfaces  using  a  Pressure  Systems 
Inc.  digital  pressure  transmitter  (DPT  640()-T).  There  were  19 
pressure  taps  (0.64  mm  in  diameter)  located  symmetrically  across 
the  base  at  radial  intervals  of  3.18  mm.  Along  the  afterbody,  two 
sets  of  diametrically  opposed  pressure  taps  (0.64  mm  in  diameter) 
were  located  starting  2.38  mm  upstream  of  the  base  comer  with 
each  tap  separated  axially  by  3.18  mm  and  a  total  of  five  taps  in 
each  set  In  addition  to  the  afterbody  pressure  taps,  total  pressure 
and  temperature  probes  were  mount^  in  the  stagnation  chamber. 

The  focus  of  this  investigation  involved  the  implementation  of  a 
two-component  LDV  system  for  measuring  the  near-wake  velocity 
field.  Artificial  seed  particles  were  generated  by  a  TSI  Inc.  six-jet 
atomizer  filled  with  50  cp  silicone  oil.  The  droplets  were  injected 
into  the  flow  upstream  of  the  facility  nozzle  to  avoid  disturbing  the 
flowfield  with  the  injection  process.  In  previous  experiments  with 
the  same  seeding  apparatus,  Bloomberg*^  deduced  a  mean  droplet 
diameter  of  0.8  pm  and  showed  mean  particle  relaxation  distances 
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Fig.  2  Schematic  diagram  of  axisymmetric  wind  tunnel. 
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of  approximately  2  mm  downstream  of  an  oblique  shock  wave 
generated  by  a  15-deg  compression  comer  in  a  Mach  2.6  flow.  The 
maximum  velocity  gradients  in  the  present  exj>eriments  (near 
boundary-layer  separation)  are  significantly  weaker  than  for  the 
oblique  shock  in  Bloomberg’s  work;  however,  to  ensure  negligible 
particle  lag  in  the  current  experiments,  no  data  are  presented  with¬ 
in  the  first  5  mm  downstream  of  the  base  comer  separation  point. 
In  the  separated  shear  layer,  the  Stokes  number  for  this  seeding 
configuration  is  estimated  to  be  0.15  which  Samimy  and  Lele^^ 
have  shown  yields  root-mean-square  slip  velocities  (difference  in 
velocity  between  the  particle  and  the  local  fluid  element)  of  ap¬ 
proximately  1.5%. 

The  LDV  measurement  volume  used  in  these  experiments  was 
120  pm  in  diameter  and  had  a  fringe  spacing  of  approximately 
10.3  pm.  A  20-deg  off-axis,  forward-scatter  receiving  optics  con¬ 
figuration  was  used  to  reduce  the  effective  measurement  volume 
length  to  0.70  mm.  Bragg  cells  were  used  in  each  component  to 
frequency  shift  one  of  the  beams  40  MHz  against  the  mean  flow 
direction  to  discriminate  reverse  velocities.  In  addition,  the  two  or¬ 
thogonal  fringe  patterns  were  rotated  to  ±45  deg  relative  to  the 
wind-tunnel  axis  to  reduce  fringe  blindness.  To  measure  accurately 
the  Doppler  frequencies  in  this  demanding  flow,  a  TSI  Inc.  IFA- 
750  autocorrelation  processor  was  used.  Data  were  gathered  from 
the  processor  by  a  Gateway  2000  486-33  personal  computer  where 
further  processing  and  analysis  were  performed.  Positioning  of  the 
LDV  measurement  volume  throughout  the  near-wake  flowfield 
was  accomplished  using  a  three-axis,  computer-controlled  travers¬ 
ing  table  with  a  positioning  resolution  of  0.75  pm. 

The  LDV  measurement  locations  were  concentrated  in  the  re¬ 
gions  of  high  velocity  gradients  including  the  approach  boundary 
layer,  separated  shear  layer,  developing  wake,  and  also  near  the  re¬ 
attachment  point.  Radial  traverses  were  completed  at  21  axial  sta¬ 
tions  throughout  the  near  wake  with  approximately  30  spatial  loca¬ 
tions  per  traverse.  In  addition,  an  axid  traverse  along  the  model 
centerline  was  performed  to  show  the  development  of  the  center- 
line  mean  velocity  and  turbulence  intensities.  During  each  radial 
traverse,  three  or  four  locations  below  the  axis  of  symmetry  were 
measured  to  check  the  syimnetry  of  the  flow.  In  all  cases,  the  mea¬ 
sured  wake  centerline  (defined  as  the  location  where  =  0) 

was  within  2  mm  of  the  geometric  model  centerline.  Approximate¬ 
ly  4000  instantaneous  velocity  realizations  were  gathered  at  each 
spatial  location  and  probability  density  functions  (pdfs)  of  each  ve¬ 
locity  component  were  calculated.  The  pdfs  genei^ly  resembled  a 
Gaussian  profile  except  near  the  inner  edge  of  the  shear  layer  (near 
U-0)  where  bimodal  peaks  in  each  pdf  consistently  occurred.  The 
bimodal  pdfs  most  likely  indicate  the  presence  of  large-scale  struc¬ 
tures  on  the  inner  edge  of  the  shear  layer  which  play  an  important 
role  in  the  entrainment  of  fluid  from  the  recirculation  region.  The 
effects  of  velocity  bias  on  the  LDV  data  were  accounted  for  by 
weighting  each  velocity  realization  with  the  interarrival  time  be¬ 
tween  realizations.^^ 


.  Fig.  3  Base  pressure  profile. 


With  the  current  two-component  LDV  arrangement,  both  the 
horizontal  and  vertical  components  of  velocity  were  measured.  In 
two-dimensional  flows,  this  generaUy  allows  direct  measurement 
of  the  streamwise  and  transverse  velocities,  but  no  measurement  of 
the  spanwise  component.  In  the  current  axisymmetric  flow,  by 
using  the  same  LDV  configuration  and  making  measurements  in¬ 
dependently  in  both  the  horizontal  and  vertical  planes  which  pass 
through  the  axis  of  symmetry,  all  three  mean  and  rms  velocities 
have  been  measured.  In  addition,  the  axial-radial  (u'v/)  and  axial- 
tangential  (u'v/)  Reynolds  shear  stresses  have  been  directly  mea¬ 
sured.  An  error  analysis  including  the  uncertainties  associated  with 
velocity  biasing,  fringe  biasing,  velocity  gradient  biasing,  finite 
ensemble  size,  processor  resolution,  optical  misalignment,  and 
fringe  spacing  determination  has  been  completed.  The  estimated 
worst-case  uncertainty  in  the  mean  velocity  measurements  is  1.2% 
of  Ui  and,  in  the  rms  velocity  fluctuations,  2.3%  of  f/j,  where  f/j  is 
the  fteestream  velocity  just  prior  to  separation. 

Results 

Pressure  Measurements 

Static  pressure  measurements  along  the  afterbody  were  used  to 
assess  the  uniformity  of  the  nozzle  exit  flow  as  well  as  any  up¬ 
stream  influence  of  the  separation  process.  As  expected,  the  pres¬ 
sure  field  approaching  the  base  comer  was  relatively  uniform  and 
takes  a  value  consistent  with  an  isentropically  expanded  Mach 
2.44  flow.  No  upstream  influence  from  the  base  comer  separation 
was  evident  in  the  data. 

Pressure  measurements  have  also  been  made  at  19  locations  on 
the  base  to  assess  the  radial  distribution  of  the  mean  static  pres¬ 
sure.  Figure  3  shows  the  dimensionless  base  pressure  coefficient  at 
each  location,  defined  as 
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where  P  is  the  static  pressure.  The  pressure  is  shown  to  be  relative¬ 
ly  constant  across  the  base  (note  the  expanded  vertical  scale)  with 
a  slight  increase  toward  larger  radii  where  the  maximum  pressure 
measured  was  3.9%  higher  than  the  pressure  at  the  center  of  the 
base.  Similar  base  pressure  profiles  were  observed  by  Reid  and 
Hastings®  for  a  cylindrical  afterbody  in  a  Mach  2.0  flow  with  a 
maximum  rise  in  pressure  of  approximately  3%  across  the  base. 
An  area-weighted  average  of  the  current  data  across  the  base  was 
performed  to  determine  an  average  base  pressure  coefficient  of 
-0.102. 


Flowfield  Velocity  Measurements 
Approach  Flow  Measurements 

The  boundary  layer  approaching  the  base  comer  separation 
point  was  measured  at  three  axial  stations  upstream  of  the  base. 
Figure  4  is  a  plot  of  the  boundary  layer  profile  obtained  1  mm  up¬ 
stream  of  the  base  comer  along  with  a  curve  fit  by  Sun  and 
Childs^  for  compressible,  turbulent  boundary  layers.  The  bound¬ 
ary-layer  properties  derived  from  the  curve  fit  are  also  shown  in 
Fig.  4.  The  values  for  the  dimensionless  properties  (H,  11,  and  C^) 
are  typical  of  those  found  in  equilibrium,  compressible,  turbulent 
boundary  layers.^^  To  determine  the  integral  properties,  the  mean 
density  pro^e  through  the  boundary  layer  was  determined  using 
the  ideal  gas  equation  of  state  and  the  assumptions  of  negligible  ra¬ 
dial  pressure  gradient,  adiabatic  wall,  and  a  recovery  factor  of  0.89 
as  suggested  by  Kays  and  Crawford.^  The  freestream  Mach  num¬ 
ber  across  the  nozzle  exit  was  measured  by  LDV  to  be  2.46  ±1% 
(the  corresponding  approach  velocity  was  U\  =  567  m/s).  Also, 
measured  freestream  turbulence  intensities  in  the  approach  flow 
were  less  than  1%. 

Centerline  Measurements 

The  LDV  measurements  along  the  model  centerline  were  taken 
in  5-mm  increments  from  the  base  to  the  end  of  the  viewing  win¬ 
dow  in  the  test  section.  A  plot  of  the  mean  axial  velocity  along  the 
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Fig.  4  Sun  and  Childs^®  curve  fit  of  afterbody  boundary-layer 
upstream  of  base  corner. 
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Fig.  5  Mean  axial  velocity  along  model  centerline. 


dominance  of  the  axial  velocity  on  the  overall  mean  velocity  field. 
The  turning  of  the  mean  flow  through  the  base  comer  expansion 
fan,  the  relatively  low-speed  recirculation  region,  and  the  realign¬ 
ment  of  the  mean  flow  with  the  axis  downstream  of  reattachment 
(S)  are  clearly  shown. 

A  contour  plot  of  the  Mach  number  distribution  throughout  the 
near  wake  is  shown  in  Fig.  7.  The  steep  velocity  gradients  through 
the  initial  portion  of  the  shear  layer  are  clearly  evident  in  the  fig¬ 
ure.  The  spreading  of  the  contour  lines  farther  downstream  is  in¬ 
dicative  of  the  growth  of  the  shear  layer  prior  to  reattachment  and, 
also,  the  wake  development  downstream.  Note  that  the  flow  along 
the  axis  reaccelerates  to  sonic  velocity  at  approximately  five  base 
radii  downstream  which  is  similar  to  the  measurements  of  Neale  ct 
al.*^  in  a  Mach  3  base  flowfield  where  the  sonic  point  was  located 
at  x/R  =  5.1.  The  maximum  Mach  number  of  the  reverse  flow  is 
0.48  and  is  located  on  the  centerline  at  approximately  x/R  =1.5. 
The  gradual  recompression  of  the  outer  flow  is  indicated  by  the  de¬ 
creasing  Mach  number  contours  in  the  upper  right  of  the  figure. 

The  mean  radial  velocity  contours  are  shown  in  Fig.  8.  The 
small  values  relative  to  the  mean  axial  approach  velocity  once 
again  show  the  dominance  of  the  axial  velocity  in  the  near-wake 
flowfield.  The  closely  spaced  contours  emanating  from  the  base 
comer  mark  the  turning  of  the  mean  flow  through  the  expansion 
fan.  As  the  outer  inviscid  flow  approaches  the  axis  of  symmetry, 
the  radial  velocity  continues  to  increase  in  magnitude,  due  to  the 
axisymmetric  effect,  to  a  peak  value  of  22%  of  the  mean  approach 
velocity  at  a  location  approximately  two  base  radii  downstream. 
The  location  of  flowfield  realigrunent  with  the  axis  of  symmetry 
appears  to  depend  on  whether  the  flow  is  supersonic  or  subsonic. 
The  realignment  process  in  the  outer  flow  is  shown  in  the  upper 
right  of  Fig.  8  by  the  contour  lines  of  decreasing  magnitude  and  the 
relatively  uniform  flow  region  downstream  of  the  last  contour. 
However,  closer  to  the  axis  of  symmetry,  a  much  slower  realign¬ 
ment  of  the  subsonic  inner  flow  occurs,  such  that  the  mean  radial 
velocity  is  appreciable  out  to  x/R  =  4.5.  The  mean  tangential 
(swirl)  velocity  was  also  directly  measured  with  the  LDV  system, 
and  as  expected,  the  magnitudes  were  negligible  compared  to  the 
other  two  components. 


model  centerline  is  shown  in  Fig.  5.  The  origin  of  the  cylindrical 
coordinate  system  has  been  arbitrarily  set  at  the  center  of  the  base 
with  all  axial  distances  positive  downstream.  The  axial  location 
where  the  data  cross  the  (7  =  0  line  clearly  defines  the  rear  stagna¬ 
tion  point  S  since  the  other  two  measured  velocity  components  are 
negligible  along  the  centerline;  this  occurs  at  x/R  =  2.65.  The  max¬ 
imum  reverse  velocity  occurs  at  x/R  =  1.5  and  takes  a  value  of  ap¬ 
proximately  27%  of  the  approach  freestream  velocity.  In  a  similar 
experiment  using  LDV  in  subsonic  flow  (Mach  0.85)  behind  a  cir¬ 
cular  cylinder,  Delery*"^  found  the  rear  stagnation  point  located  at 
3.06  base  radii  downstream  and  a  maximum  reverse  velocity  of  ap¬ 
proximately  30%  of  the  local  freestream  value  located  at  x/R  =  1.8. 
It  is  interesting  to  note  that  for  both  the  supersonic  and  subsonic 
cases,  the  maximum  reverse  velocity  occurs  at  a  location  approxi¬ 
mately  57%  of  the  distance  from  the  base  to  the  reattachment 
point.  Merz  et  al.^^  found  that  for  all  Mach  numbers  from  0.1  to 
0.9,  the  maximum  reverse  velocity  was  35-40%  of  the  freestream 
velocity  and  occurred  at  a  distance  60%  of  the  length  to  reattach¬ 
ment.  The  degree  of  wake  redevelopment  in  the  present  experi¬ 
ments  is  indicated  in  Fig.  5  by  the  maximum  positive  centerline 
velocity  which  takes  the  value  of  57%  of  the  approach  velocity  (Af 
=  1.05)  at  the  farthest  downstream  station. 

Near-Wake  Mean  Velocity  Measurements 

The  mean  velocity  vector  field  in  the  near  wake  is  shown  in  Fig. 
6.  In  this  and  subsequent  figures,  the  vertical  axis  has  been  ex¬ 
panded  by  42%  compared  to  the  horizontal  axis  to  more  clearly 
show  the  features  of  the  flowfield  (the  axial-to-radial  aspect  ratio 
of  the  actual  LDV  measurement  grid  is  4.27:1).  To  place  the  ex¬ 
perimental  data  on  a  uniform  grid  for  the  vectors  shown  in  Fig.  6,  a 
simple  linear  interpolation  in  both  x  and  r  between  the  unequally 
spaced  data  was  completed.  The  velocity  vectors  show  clearly  the 


Near-Wake  Turbulence  Measurements 

The  root-mean-squarc  fluctuation  velocities  were  directly  mea¬ 
sured  in  all  three  coordinate  directions  and  will  be  presented  in  the 
form  of  turbulence  intensities,  a/f/j.  Figure  9  shows  the  axial  tur- 


Fig.  6  Mean  velocity  vector  field  throughout  near  wake. 


Fig.  7  Mach  number  contours. 
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bulence  intensity  contours  throughout  the  near  wake.  The  large  in¬ 
crease  in  turbulent  fluctuations  from  the  outer  freestream  to  the 
values  in  the  shear  layer  and  wake  are  apparent.  A  peak  axial  rms 
velocity  fluctuation  of  22%  of  the  mean  approach  velocity  occurs 
at  a  location  83%  of  the  axial  distance  from  the  base  to  reattach¬ 
ment.  Upstream  of  reattachment  at  any  axial  station,  the  radial  lo¬ 
cation  of  the  maximum  axial  turbulence  intensity  lies  in  the  sub¬ 
sonic  region  of  the  shear  layer.  In  contrast,  Amatucci  et  al.^^  found 
peak  levels  of  turbulence  intensity  near  the  sonic  line  in  a  two-di¬ 
mensional,  two-stream  base  flow.  Throughout  the  recirculation  re¬ 
gion  in  the  current  study,  the  axial  turbulence  intensity  is  relatively 
constant  except  very  close  to  the  base  where  it  is  attenuated.  Far¬ 
ther  downstream  as  the  shear  layer  transforms  into  a  wake,  the 
overall  level  of  turbulent  fluctuations  diminishes,  and  a  well-de¬ 
fined  peak  in  the  axial  turbulence  intensity  profiles  is  no  longer 
discernible. 

Contours  of  constant  radial  turbulence  intensity  are  shown  in 
Fig.  10.  The  general  trends  follow  closely  those  of  the  axial  turbu¬ 
lence  intensity,  but  the  overall  fluctuation  levels  are  smaller.  The 
peak  radial  velocity  fluctuation  is  15.6%  of  Ux  and  occurs  at 
roughly  the  same  location  as  the  peak  axial  fluctuation.  The  recir¬ 
culation  region  contains  a  greater  variation  in  radial  turbulence  in¬ 
tensity  than  axial  turbulence  intensity  with  a  steady  increase  from 
the  base  to  the  reattachment  point  (not  including  the  base  effects  at 
xIR  <  0.5).  The  turbulence  relaxation  beyond  reattachment  is  fairly 
slow  with  a  uniform  radial  turbulence  intensity  across  the  inner 
portion  of  the  wake  as  it  develops. 

The  tangential  turbulence  intensity  represents  fluctuations  from 
the  mean  swirl  velocity  which,  as  mentioned  previously,  is  negligi¬ 
ble  for  axisymmetric  flows.  Figure  1 1  is  a  plot  showing  the  tangen¬ 
tial  turbulence  intensity  throughout  the  near  wake.  The  overall 
level  of  fluctuations  in  the  tangential  direction  is  reduced  com¬ 
pared  to  the  axial  turbulence  intensity  and  is  generally  smaller  than 
the  radial  fluctuations.  The  peak  vdue  of  the  tangential  velocity 
fluctuations  is  13.5%  of  Ui  and  occurs  near  the  shear  layer  reat¬ 
tachment  point  at  xIR  =  2.65.  The  greatest  variation  in  tangential 
tuihulence  intensity  occurs  at  the  outer  edges  of  the  shear  layer  and 
wake,  and  the  radial  profiles  do  not  exhibit  the  sharp  peaks  evident 
in  the  axial  and  radial  turbulence  intensities. 

The  ratio  of  the  turbulence  intensity  contributions  from  each 
component  gives  a  relative  indication  of  the  anisotropy  in  the  nor¬ 
mal  stress  field.  In  the  current  flow,  the  axial  turbulence  intensity 
dominates  with  peak  values  approximately  30-50%  higher  than 


Fig.  8  Mean  radial  velocity  contours,  /Ui. 


Fig.  9  Axial  turbulence  intensity  contours,  iUx, 


Fig.  10  Radial  turbulence  intensity  contours, 


Fig.  11  Tangential  turbulence  intensity  contours,  /C/f 


the  peak  radial  fluctuations  and  60-70%  higher  than  the  peak  tan¬ 
gential  fluctuations  in  the  shear  layer  where  anisotropy  is  largest. 
The  relative  ordering  of  the  peak  turbulence  intensity  magnitudes 
(axial-radial-tangential)  found  in  the  current  base  flow  experi¬ 
ments  can  be  contrasted  with  the  recent  data  from  Gruber  et  al.^"* 
for  a  two-dimensional,  compressible,  constant-pressure  mixing 
layer.  In  their  study,  the  magnitude  of  the  spanwise  component  of 
turbulence  intensity  exceeded  the  contribution  from  the  transverse 
component  by  approximately  20%  in  the  peak  intensity  region  of 
the  shear  layer,  probably  due  to  the  three-dimensional  nature  of  the 
large-scale  structures  in  the  planar,  compressible  mixing  layer.  In 
axisymmetric  flow,  the  tendency  of  the  structures  to  grow  asym¬ 
metrically  (in  the  tangential  direction)  is  most  likely  dampened  by 
the  more  stringent  axisymmetric  conditions  imposed  by  the  mean 
flowfield.  In  incompressible,  constant-pressure  mixing  layers,  the 
spanwise  component  of  turbulence  intensity  has  been  shown  to  be 
approximately  equal  to  the  transverse  turbulence  intensity.^ 

An  important  turbulence  quantity  often  used  to  describe  the 
overall  level  of  turbulent  fluctuations  is  the  turbulent  kinetic  ener¬ 
gy  defined  as 

k=yi[<sl  +  <sl+<s\]  (2) 

In  these  experiments,  all  three  mean  square  fluctuations  (normal 
stresses)  have  been  directly  measured.  Hgure  12  is  a  plot  of  the 
turbulent  kinetic  energy  as  measured  throughout  the  near  wake. 
Since  the  axial  turbulence  fluctuation  levels  dominate  the  flow- 
field,  the  contours  of  turbulent  kinetic  energy  appear  relatively 
similar  to  those  of  the  axial  turbulence  intensity  (Fig.  9).  The  tur¬ 
bulent  kinetic  energy  grows  rapidly  after  separation  as  the  shear 
layer  grows.  Prior  to  reattachment,  however,  a  maximum  is 
reached  and  a  subsequent  decay  to  the  relatively  constant  values  in 
the  wake  occurs.  Again,  the  sharp  peaks  in  turbulent  kinetic  energy 
radial  profiles  occurring  in  the  shear  layer  are  nonexistent  in  the 
wake  farther  downstream.  In  the  recirculation  region,  the  level  of 
turbulent  kinetic  energy  is  reduced  by  the  lack  of  turbulence  pro¬ 
duction  due  to  small  mean  velocity  gradients.  The  maximum  tur¬ 
bulent  kinetic  energy  measured  in  the  near  wake  was  4.4%  of  u\ 
and  occurred  at  jc//?  =  2.2,  or  somewhat  upstream  of  reattachment. 

In  the  current  experiments,  both  the  axial-radial  (<m'v/>)  and 
axial-tangential  (<m'v/>)  Reynolds  shear  stresses  have  been  mea¬ 
sured  directly.  As  expected,  the  axial-radial  shear  stress  dominates 
the  axial-tangential  stress  which  is  negligible  throughout  the  near 
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wake.  Figure  13  is  a  plot  showing  the  axial-radial  shear  stress  dis¬ 
tribution  downstream  of  the  base.  The  shear  stress  peaks  in  the 
shear  layer  upstream  of  reattachment  in  approximately  the  same 
location  as  the  peak  in  turbulent  kinetic  energy.  Abu-Hijleh  and 
Samimy^^  used  LDV  to  investigate  a  supersonic  shear  layer  reat¬ 
taching  onto  a  wall  and  found  peak  values  of  turbulent  kinetic  en¬ 
ergy  and  Reynolds  stress  downstream  of  the  reattachment  location. 
The  difference  in  the  locations  for  the  peak  turbulence  quantities 
between  these  experiments  may  possibly  be  attributed  to  the  dif¬ 
ferences  between  solid  wall  and  compliant  surface  reattachment. 

The  production  of  turbulent  kinetic  energy,  defined  as 


(3) 


provides  a  measure  of  the  amount  of  kinetic  energy  transferred 
from  the  mean  flow  to  the  turbulence  field.  Investigating  the  distri¬ 
bution  of  Pk  throughout  the  near  wake  provides  insight  into  the 
structure  of  the  turbulence  field  as  well  as  establishing  the  role  of 
turbulence  production  in  different  regions  of  the  flow.  In  axisym- 
metric  flow,  only  four  of  the  nine  production  terms  are  nonzero 
which  leaves  the  following  expression  for  P*: 


(4) 


which  is  plotted  in  Fig.  14  (to  avoid  clutter,  only  a  reference  con¬ 
tour  label  is  shown;  all  other  contours  are  equally  spaced  with  val¬ 
ues  increasing  by  0.02).  Strong  turbulence  production  is  seen  to 
occur  immediately  downstream  of  the  separation  point  on  the  inner 
edge  of  the  shear  layer.  This  is  not  surprising  as  the  mean  velocity 
gradients  are  very  large  in  this  region.  As  the  shear  layer  develops, 
the  mean  velocity  gradients  decrease  but  the  Reynolds  stresses  in¬ 
crease  (Figs.  9-13)  such  that  the  total  production  remains  signifi¬ 
cant  up  to  the  reattachment  point.  Downstream  of  reattachment, 
however,  the  Reynolds  stresses  and  mean  velocity  gradients  both 
decrease  rapidly  resulting  in  a  diminished  level  of  turbulence  pro¬ 
duction. 

Since  the  total  production  of  turbulent  kinetic  energy  is  merely 
the  sum  of  the  production  terms  for  each  Reynolds  normal  stress, 


Fig.  12  Turbulent  kinetic  energy  contours,  k/ul. 


Fig.  13  Reynolds  shear  stress  contours,  <  u'v/>lul . 


Fig.  14  Turbulence  production  contours,  R/vl, 


separating  the  total  production  expression  into  its  individual  com¬ 
ponents  yields 


Pt  =  Pu  +  Pvr  +  Py,  (5) 

where  the  individual  production  terms  for  each  Reynolds  normal 
stress  are 


2dU  BU 

(6) 

2  dVr  av. 

(7) 

Py,  =  0 

(8) 

From  the  current  experiments,  the  relative  magnitudes  of  each 
term  indicate  that  »  P^^  >  Py^.  Consequently,  the  majority  of  the 
energy  exchange  between  the  mean  flow  and  the  turbulence  field 
occurs  through  the  axial  component  of  the  Reynolds  normal  stress. 
On  the  other  hand,  the  radial  and  tangential  components  must  re¬ 
ceive  their  kinetic  energy  from  other  sources  such  as  pressure-ve¬ 
locity  interactions  or  momentum  transport  by  turbulent  velocity 
fluctuations.  Therefore,  the  relative  ordering  of  the  Reynolds  nor¬ 
mal  stresses  (a„  >  Oy,)  is  consistent  with  the  amount  of  tur¬ 
bulence  production  that  each  component  receives  from  the  mean 
flow. 


Summary  and  Conclusions 

The  turbulent  near  wake  of  a  circular  cylinder  aligned  with  a  su¬ 
personic  flow  has  been  investigated  using  nonintrusive  measure¬ 
ment  techniques.  The  main  objective  of  these  experiments  is  to  in¬ 
crease  the  understanding  of  the  complex  fluid  dynamic  phenomena 
that  occur  in  supersonic  base  flowfields  by  the  use  of  detailed 
quantitative  data  gathered  throughout  the  near  wake.  Specifically, 
afterbody  and  base  pressure  distributions,  mean  velocities,  turbu¬ 
lence  intensities,  and  Reynolds  shear  stresses  have  been  obtained; 
these  data  have  been  tabularized  on  a  floppy  disk  which  is  avail¬ 
able  from  the  authors.  As  a  result  of  data  analysis,  the  following 
conclusions  concerning  the  near-wake  flowfield  can  be  made: 

1)  The  mean  static  pressure  profile  across  the  base  is  relatively 
uniform  with  an  average  base  pressure  coefficient  of  -0.102. 

2)  The  maximum  reverse  velocity  along  the  wake  centerline 
reached  27%  of  the  mean  approach  velocity,  or  Mach  0.48,  and  oc¬ 
curs  approximately  57%  of  the  distance  from  the  base  to  the  reat¬ 
tachment  point  (located  at  x/R  =  2.65).  Along  the  centerline,  the 
axial  and  radial  turbulence  intensities  peak  near  the  reattachment 
point  and  decay  as  the  wake  develops  downstream. 

3)  The  recirculating  flow  is  generally  characterized  by  small 
mean  velocity  gradients  and  relatively  uniform  turbulence  intensi¬ 
ties. 

4)  The  separated  shear  layer  is  found  to  contain  steep  radial  ve¬ 
locity  gradients  and  sharp  peaks  in  turbulence  intensity  in  the  sub¬ 
sonic  region.  Beyond  reattachment,  the  sharp  peaks  decay  toward 
nearly  uniform  turbulence  intensities  across  the  redeveloping 
wake. 
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5)  Peak  values  of  turbulent  kinetic  energy  and  axial»radial  shear 
stress  are  located  in  the  subsonic  region  of  the  shear  layer  up¬ 
stream  of  reattachment.  This  is  in  contrast  to  earlier  results  on 
compressible  shear  layer  reattachment  onto  a  solid  surface  which 
indicate  peak  levels  at  or  downstream  of  the  reattachment  point. 
The  production  of  turbulent  kinetic  energy  peaks  immediately 
downstream  of  separation  along  the  inner  edge  of  the  shear  layer. 
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Supersonic  Near- Wake  Afterbody  Boattailing  Effects 

on  Axisymmetric  Bodies 

J.  L.  Herrin*  and  J.  C.  Dutton^ 
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An  experimental  investigation  of  the  near-wake  fiowfield  downstream  of  a  conical  boattailed  afterbody  in 
supersonic  flow  is  presented.  The  afterbody  investigated  is  typical  of  those  for  conventional  boattailed  missiles 
and  projectiles  in  unpowered  flight.  Flow  visualization,  mean  static  pressure  measurements,  and  three-component 
laser  Doppler  velocimeter  data  have  been  obtained  throughout  the  near  wake  of  the  body.  The  effects  of  afterbody 
boattailing  on  the  physics  of  the  near-wake  flow  are  determined  by  comparing  the  present  data  with  similar  data 
obtained  on  a  cylindrical  afterbody.  Results  indicate  that  a  net  afterbody  drag  reduction  of  21%  is  achieved  with 
the  current  boattailed  afterbody  for  a  freestream  Mach  number  of  2.46.  The  shear-layer  growth  rate,  and  therefore 
mass  entrainment  from  the  recirculation  region  behind  the  base,  is  shown  to  be  significantly  reduced  by  afterbody 
boattailing  due  to  the  reduction  in  turbulence  levels  throughout  the  near  wake  as  compared  to  the  cylindrical 
afterbody. 


Nomenclature 

Cd  =  dimensionless  drag  coefficient 
Cf  =  skin-friction  coefficient 

Cp  =  dimensionless  pressure  coefficient 

d  =  hole  diameter,  mm 

H  =  compressible  shape  factor,  8* /O 

k  =  turbulent  kinetic  energy,  m^/s^ 

M  =  Mach  number 

Rq  =  afterbody  radius  upstream  of  boattail,  mm 

r  =  radial  coordinate,  mm 

S  =  distance  to  shear-layer  reattachment,  mm 

V  =  mean  axial  velocity,  m/s 

Ut  =  friction  velocity,  m/s 

u'  =  instantaneous  axial-velocity  fluctuation,  m/s 

Vr  =  mean  radial  velocity,  m/s 

u  =  instantaneous  velocity,  m/s 

u'  =  instantaneous  radial-velocity  fluctuation,  m/s 

vj  =  instantaneous  tangential-velocity  fluctuation,  m/s 

X  =  axial  coordinate,  mm 

y  =  distance  perpendicular  to  local  afterbody  surface,  mm 
p  =  afterbody  surface  angle  relative  to  horizontal,  deg 
5  =  boundary-layer  thickness,  mm 

6*  =  boundary-layer  displacement  thickness,  mm 

0  =  boundary-layer  niomentum  thickness,  mm 

Vjy  =  kinematic  viscosity  at  wall,  m^/s 
n  =  boundary-layer  w^e  strength  parameter 
or  =  root-mean-square  value 

( )  =  ensemble-averaged  value 

O  =  area-weighted  average  value 

Subscripts 

b  =  boattailed  afterbody 

base  =  condition  at  base 

c  =  cylindrical  afterbody 
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net  =  sum  of  boattail  and  base  contributions 
u  =  axial  component 

Vr  =  radial  component 

V,  =  tangential  component 

1  =  approach  conditions  to  the  afterbody 

Introduction 

ODERN  missiles  and  projectiles  ^can  suffer  significant 
amounts  of  drag  during  transonic  and  supersonic  flight  due 
to  the  low  pressure  acting  on  the  rear  of  the  body.  Generally  termed 
base  drag,  the  pressure-area  force  acting  on  the  base  of  a  typical  flight 
vehicle  can  make  up  a  substantial  portion  of  the  total  drag  in  many 
instances,  especially  for  missiles  or  projectiles  in  unpowered  flight, 
where  a  high-pressure  propulsive  jet  is  absent.*  In  fact,  the  base  drag 
on  the  Space  Shuttle  Columbia  has  been  shown  to  be  approximately 
50%  of  the  total  orbiter  drag  during  re-entry.^  Throughout  the  last 
three  decades,  several  methods  to  reduce  base  drag  have  been  de¬ 
veloped,  including  afterbody  boattailing,  base  bleed,  base  cavities, 
and  base  burning.  The  simplest  of  these  to  implement  in  practice  is 
afterbody  boattailing,  which  generally  involves  only  a  slight  mod¬ 
ification  to  the  afterbody  surface  angle,  the  payoff  being  a  higher 
base  pressure  (reduced  afterbody  drag).  Reference  3  has  shown  that 
conical  boattails  (constant  afterbody  surface  angle  p  prior  to  sep¬ 
aration)  can  reduce  the  net  afterbody  drag  by  up  to  30%  from  that 
on  a  cylindrical  afterbody  ()5  =  0  deg)  in  unpowercd,  supersonic 
flight.  Although  the  global  benefits  (i.e.,  drag  reduction)  of  afterbody 
boattailing  have  been  well  established  for  different  boattail  angles, 
Mach  numbers,  and  Reynolds  numbers  (e.g..  Refs.  4-7),  detailed 
studies  of  the  fluid-dynamic  effects  in  the  near  wake  due  to  after¬ 
body  boattailing  have  not  previously  been  conducted.  An  increased 
understanding  of  the  flow  physics  in  the  base  region  is  essential  as 
new  methods  are  developed  to  further  reduce  net  afterbody  drag  on 
practical  flight  vehicles. 

The  near-wake  flowfield  of  an  axisymmetric,  boattailed  afterbody 
in  a  uniform  supersonic  flow  is  sketched  in  Fig.  1.  Several  compli¬ 
cated  fluid-dynamic  phenomena  exist  in  the  flowfield,  including  the 
rapid  expansion  of  the  turbulent  boundary  layer  at  the  body-boattail 
junction,  geometric  boundary-layer  separation  at  the  base  comer, 
growth  of  the  compressible  shear  layer,  and  reattachment  along  the 
axis  of  symmetry.  Obviously,  the  effects  on  the  near  wake  of  adding 
a  boattail  to  a  cylindrical  afterbody  stem  from  the  change  in  ini¬ 
tial  conditions  at  the  base-comer  separation  point,  which  include 
a  higher  freestream  Mach  number,  nonzero  local  flow  angle,  and 
nonzero  pressure  gradient  due  to  the  axisymmetric  compression  ef¬ 
fect  on  the  boattail  as  the  flow  approaches  the  axis  of  symmetry.  In 
addition,  the  presence  of  the  boattail  alters  the  state  of  Ae  turbulent 
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Fig.  1  Schematic  diagram  of  mean  flowfield  downstream  of  boattailed 
afterbody. 

boundary  layer  by  the  rapid  expansion  at  the  body-boattail  junction 
and  by  the  adverse  pressure  gradient  on  the  boattail  surface.  As  will 
be  shown  in  this  paper,  the  outer  inviscid  flow  over  the  boattail  can 
be  adequately  predicted  by  the  axisymmetric  method  of  character¬ 
istics;  however,  the  boundary -layer  development  along  the  boattail 
up  to  the  separation  point  is  much  more  difficult  to  predict.  In  addi¬ 
tion,  the  mean  and  turbulent  characteristics  of  the  boundary  layer  at 
separation  play  an  important  role  in  determining  the  initial  structure 
of  the  separated  shear  layer  and,  therefore,  the  turbulent  mixing  and 
mass  entrainment  rates  in  the  near  wake. 

Several  authors  have  shown  that  rapid  expansions  (such  as  those 
at  the  body-boattail  Junction  and  base  comer)  can  significantly  dis¬ 
tort  the  mean  and  turbulence  characteristics  of  an  attached  turbulent 
boundary  layer.  Reference  8  found  a  significant  distortion  in  the 
mean-velocity  profiles  downstream  of  a  variety  of  centered  expan¬ 
sions  in  supersonic  flow.  This  reference  noted  the  possibility  that 
the  distorted  postexpansion  boundary  layer  could  have  a  significant 
effect  on  the  separation  characteristics,  shear-layer  growth  rates, 
and  reattachment  processes  for  boattailed  afterbodies,  the  effect  be¬ 
ing  greater  for  larger  boattail  angles.  It  has  also  been  established 
that  rapid  expansions  reduce  the  turbulence  levels  in  compressible 
boundary  layers.^**®  Reference  11  recently  used  filtered  Rayleigh 
scattering  to  show  that  the  strong  dilatation  effect  associated  with  the 
rapid  expansion  of  a  compressible  boundary  layer  increases  the  scale 
of  the  turbulent  structures  present  in  the  approach  boundary  layer. 
In  addition,  the  small-scale  turbulence  near  the  wall  was  shown  to 
recover  more  quickly  from  the  effects  of  the  expansion  than  the  rel¬ 
atively  large-scale  motion  in  the  outer  region  of  the  boundary  layer. 
The  effect  of  the  strong  expansion  at  the  body-boattail  junction  on 
the  afterbody  boundary  layer  and,  hence,  on  the  initial  conditions 
to  the  near-wake  flowfield  has  generally  been  ignored  in  previous 
investigations  of  boattailed  afterbody  flowfields. 

The  primary  objective  of  the  present  research  is  to  investigate 
the  fluid-dynamic  effects  of  afterbody  boattailing  on  axisymmet¬ 
ric  bodies  in  supersonic  flow  in  an  effort  to  shed  new  light  on  the 
mechanisms  associated  with  the  increase  in  base  pressure  (reduced 
afterbody  drag)  relative  to  the  cylindrical  afterbody  case.  To  this 
end,  schlieren  and  shadowgraph  photography,  static  pressure  mea¬ 
surements,  and  three-component  laser  Doppler  velocimetry  (LDV) 
data  have  been  obtained  throughout  the  near  wakes  of  both  a  cylin¬ 
drical  afterbody  and  a  boattailed  afterbody.  The  data  obtained  down- 
stream  of  the  cylindrical  afterbody  have  been  presented  elsewhere. 

In  this  paper  measurements  with  the  boattailed  afterbody  are  pre¬ 
sented  and  comparisons  with  the  cylindrical  afterbody  case  are  made 
to  determine  the  fluid-dynamic  effects  of  adding  a  conical  boat- 
tail  to  a  cylindrical  afterbody.  In  addition,  a  complete  documenta¬ 
tion  of  the  mean  velocity  and  turbulence  fields  throughout  the  near 
wake  of  a  boattailed  afterbody  will  provide  a  valuable  data  base  to 
which  analytical  and  numerical  modelers  of  base  flows  can  compare 
solutions. 

Experimental  Facility  and  Instrumentation 

The  experiments  described  herein  were  conducted  in  the  axisym¬ 
metric  wind-tunnel  facility  at  the  University  of  Illinois  Gas  Dynam¬ 
ics  Laboratory.  A  detailed  description  of  the  axisymmetric  wind 
tunnel  and  its  use  for  the  study  of  supersonic,  axisymmetric  after¬ 
body  flows  has  been  given  in  Ref.  1 2.  The  mean  freestream  Mach 


Fig.  2  Diagram  of  pressure-tap  locations  and  coordinate  origin  for 
Ixmttail  model. 


number  is  2.46,  the  unit  Reynolds  number  is  52  x  10^  m“* ,  and  the 
measured  freestream  turbulence  intensity  is  less  than  1%.  Physical 
support  for  the  afterbody  is  provided  by  a  cylindrical  sting  of  ra¬ 
dius  3 1 .75  mm  that  extends  upstream  through  the  nozzle  in  order  to 
avoid  any  flow  disturbances  in  the  near  wake.  The  boattail  chosen 
for  the  present  study  has  a  conical  shape  with  an  angle  relative  to  the 
horizontal  of  5  deg  and  an  axial  length  of  31.75  mm  (0.5  caliber). 
Reference  13  has  shown  that  the  optimal  boattail  shape  (i.e.,  shape 
yielding  minimum  afterbody  drag)  is  essentially  conical  at  moderate 
supersonic  Mach  numbers  for  typical  boattail  lengths.  In  addition, 
the  boattail  angle  chosen  is  near  the  optimal  angle  given  in  Ref.  3 
for  minimum  total  afterbody  drag  at  Mach  2.5. 

Conventional  schlieren  and  shadowgraph  photography  were  used 
to  investigate  the  overall  structure  of  the  near-wake  flowfield.  These 
photographs  were  of  only  moderate  quality  because  of  the  axisym¬ 
metric  nature  of  the  flow,  but  they  were  used  successfully  to  confirm 
the  mean  flowfield  sketched  in  Fig.  1.  Surface  oil-streak  visualiza¬ 
tion  on  the  base  surface  was  used  to  document  the  symmetry  of 
the  near- wake  flowfield.  By  combining  motor  oil  (lOW-30)  with 
a  black  pigment  and  then  applying  it  to  the  base  in  small  drops, 
an  oil-streak  pattern  was  observed  during  a  wind-tunnel  blowdown 
and  was  found  to  be  a  very  sensitive  indicator  of  flow  symmetry  at 
the  base. 

Mean  static  pressure  measurements  were  made  on  the  afterbody 
and  base  surfaces  with  a  Pressure  Systems  Inc.  digital  pressure  trans¬ 
mitter  (DPT  6400-T).  Seventeen  taps  (0.64  mm  in  diameter)  were 
located  symmetrically  across  the  base  at  radial  intervals  of  3.18 
mm  in  order  to  assess  the  radial  dependence  of  the  time-averaged 
base  pressure.  In  addition,  14  taps  (0.64  mm  in  diameter)  were 
located  on  the  afterbody  surface  to  document  the  mean  static  pres¬ 
sure  field  approaching  and  along  the  boattail.  The  afterbody  taps 
were  separated  axially  by  3.18  mm  in  such  a  way  that  four  taps 
were  located  upstream  of  the  body-boattail  junction  and  ten  taps 
were  located  axially  along  the  boattail.  Figure  2  is  a  schematic  dia¬ 
gram  showing  the  pressure-tap  locations  on  the  afterbody  and  base 
surfaces. 

The  primary  experimental  tool  used  in  the  current  study  was  a 
two-component  LDV  system  with  frequency  shifting,  which  was 
used  to  measure  the  near-wake  velocity  field.  The  optical  arrange¬ 
ment  and  system  setup  are  identical  to  that  used  in  the  cylindrical 
afterbody  case.*^  The  measurement-volume  diameter  and  length  are 
approximately  1 20  and  700  /xm,  respectively.  Data  were  obtained  in 
two  perpendicular  planes  (horizontal  and  vertical),  each  intersect¬ 
ing  the  axis  of  symmetry.  In  the  vertical  plane,  the  two-component 
LDV  system  measures  axial  and  radial  velocities,  while  in  the  hor¬ 
izontal  plane,  the  system  measures  axial  and  tangential  velocities. 
Hence,  two  independent  planes  of  LDV  data  in  the  near  wake  were 
obtained,  from  which  three  mean  velocities,  three  Reynolds  normal 
stresses  (aj,  cr^ ,  and  and  two  of  three  Reynolds  shear  stresses 
((m'i;')  and  (u'v'))  were  determined.  The  LDV  measurement  grid 
consisted  of  approximately  1300  spatial  locations  concentrated  in 
regions  of  large  velocity  gradients  (e.g.,  the  separated  shear  layer). 
An  error  analysis  of  the  LDV  data  acquisition  procedure  was  used 
to  estimate  a  worst-case  uncertainty  in  the  mean  velocity  of  1.2%  of 
[/i  and  in  the  root-mean-square  velocity  fluctuation  of  2.3%  of  f/i, 
where  Ui  =  567  m/s  is  the  mean  freestream  velocity  approaching 
the  afterbody. 
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Results 

Pressure  Measurements 

The  static  pressure  distribution  along  the  boattailed  afterbody 
is  shown  in  Fig.  3  along  with  a  inethod-of-characteristics  solution 
for  irrotational,  axisymmetric  flow.  The  sharp  decrease  in  pressure 
through  the  expansion  at  the  body-boattail  junction  {x/Ro  =  —1.0) 
is  clearly  evident.  The  experimental  data  are  shown  to  relax  grad¬ 
ually  to  the  predicted  pressure  field  downstream  of  the  expansion 
so  that  near  the  base  comer  (x/Rq  =  0.0)  the  agreement  between 
experiment  and  computation  is  quite  good.  The  experimental  pres¬ 
sure  distribution  shown  in  Fig.  3  was  numerically  integrated  along 
the  boattail  using  a  trapezoidal  rule  to  determine  an  area-averaged 
boattail  drag  coefficient  of  0.056.  For  comparison,  the  integrated- 
method-of-characteristics  profile  yields  an  average  boattail  drag  co¬ 
efficient  of  0.061,  which  is  slightly  higher  than  the  experimental 
result  because  of  the  rapid  drop  in  pressure  predicted  at  the  body- 
boattail  junction. 

The  measured  static  pressure  distribution  across  the  base  of  the 
boattailed  afterbody  is  shown  in  Fig.  4  along  with  similar  data  ob¬ 
tained  for  the  cylindrical  afterbody.*^  In  general,  the  two  profiles 
are  very  similar,  showing  a  slight  increase  in  base  pressure  with 
increasing  radius;  however,  the  overall  magnitudes  of  the  pressure 
coefficient  are  substantially  lower  on  the  boattailed  afterbody  (re¬ 
duced  afterbody  drag).  The  pressures  at  the  outer  edge  of  the  base 
may  be  higher  than  at  the  center  on  account  of  the  severe  streamline 
curvature  that  undoubtedly  occurs  near  this  region.  As  the  low-speed 
fluid  flowing  radially  outward  at  the  base  becomes  entrained  by  the 
high-speed  shear  layer  near  the  base  comer,  a  change  in  flow  direc¬ 
tion  in  excess  of  90  deg  results;  for  this  reason,  the  static  pressure 
imposed  near  the  base  comer  should  be  increased  over  the  pressure 
at  the  center  of  the  base. 

The  base  pressure  distributions  shown  in  Fig.  4  were  numeri¬ 
cally  integrated  using  a  trapezoidal  rule  to  obtain  area-averaged 
base  drag  coefficients  of  0.086  and  0.102  for  the  boattailed  and 
cylindrical  afterbodies,  respectively.  When  examining  the  benefits 
of  afterbody  boattailing  relative  to  a  cylindrical  afterbody,  the  net 
afterbody  drag  coefficients  (boattail  -h  base)  must  be  compared.  For 
the  present  boattailed  afterbody,  the  net  afterbody  drag  coefficient 
was  determined  to  be  0.081.  For  the  cylindrical  afterbody,  the 
only  contribution  to  the  net  afterbody  form  drag  is  from  the  base. 


Fig.  3  Boattail  pressure  distribution. 
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Fig.  4  Base  pressure  distributions  for  boattailed  and  cylindrical 
afterbodies. 


Fig.  5  Bounday-layer  profiles  perpendicular  to  boattail  surface  (body- 
boattail  junction  located  at  x/ Ro  =  — 1.00). 

Cdmi  =  Cobasc  =  0.102.  A  comparison  of  the  net  afterbody  drag 
coefficients  for  each  afterbody  shows  a  21%  reduction  in  drag  due 
to  afterbody  boattailing.  This  result  compares  well  with  the  data 
of  Ref.  5,  which  showed  a  drag  reduction  of  25%  with  a  similar 
geometry  and  flow  conditions.  From  the  data  presented  above,  it  is 
obvious  that  afterbody  boattailing  is  an  effective  method  to  reduce 
net  afterbody  drag  on  axisymmetric  bodies  in  supersonic  flight.  The 
fluid-dynamic  effects  associated  with  the  drag  reduction  (increase 
in  base  pressure)  have  been  investigated  in  the  current  study  with 
detailed  LDV  measurements  throughout  the  near-wake  flowfield. 
These  measurements  are  described  below. 

Velocity  Measurements 
Approach  Flowfield 

Mean-velocity  and  turbulence  data  have  been  obtained  upstream 
of  the  base  comer  along  thirteen  traverses  normal  to  the  afterbody 
surface.  These  data  are  used  to  fully  document  the  approach  condi¬ 
tions  to  the  near-wake  flowfield  as  well  as  to  determine  the  effects 
of  the  centered  expansion  at  the  body-boattail  junction  on  the  char¬ 
acteristics  of  the  turbulent  boundary  layer  immediately  upstream  of 
separation.  The  mean  streamwise  velocity  profiles  at  five  axial  lo¬ 
cations  upstream  of  the  base  comer  are  plotted  in  conventional  wall 
coordinates  in  Fig.  5  (data  from  only  five  of  the  thirteen  traverses 
are  shown  in  the  figure  to  avoid  overcrowding).  By  comparing  the 
data  obtained  upstream  of  the  body-boattail  junction  (represented 
by  the  filled  symbols  in  the  figure)  with  those  obtained  at  successive 
axial  locations  along  the  boattail,  the  expansion  at  the  body-boattail 
junction  is  shown  to  reduce  the  outer  wake  of  the  original  undis¬ 
turbed  boundary  layer  and  to  cause  a  gradual  reduction  in  the  slope 
of  the  log  region.  Relaxation  of  the  mean  velocity  downstream  of  the 
body-boattail  junction  appears  quite  rapid  initially,  but  the  general 
shape  of  the  profiles  appears  to  be  slowly  evolving  even  at  the  last 
axial  station  prior  to  separation  at  the  base  comer  {x/Rq  —  —0.06). 
These  results  are  similar  to  those  given  by  Ref.  9,  which  showed 
that  the  boundary  layer  downstream  of  a  sudden  expansion  recovers 
quickly  at  first,  with  significant  changes  in  the  mean  profile  occur¬ 
ring  within  the  first  10  boundary-layer  thicknesses  downstream  of 
the  expansion  (this  distance  corresponds  to  the  length  of  the  boattail 
in  the  present  case);  a  complete  recovery  of  the  mean  velocity  and 
turbulence  profiles  across  the  boundary  layer  generally  requires  a 
substantially  longer  distance. 

The  mean  boundary  layer  velocity  profile  immediately  upstream 
of  the  base  comer  (x/Ro  =  -0.06)  is  shown  in  Fig.  6  with  a  curve  fit 
for  compressible,  turbulent  boundary  layers  given  in  Ref.  14.  The  in¬ 
tegral  boundary-layer  properties  as  determined  from  the  curve  fit  are 
important  initial  conditions  to  the  near-wake  flowfield  and  therefore 
are  also  included  in  the  figure.  The  good  agreement  between  the  ex¬ 
perimental  data  and  the  curve  fit  suggests  that  the  boundary  layer  has 
nearly  recovered  (in  the  mean-velocity  sense)  from  the  expansion 
at  the  body-boattail  junction  and  is  approximately  in  equilibrium 
prior  to  separation  (note  that  this  “new”  equilibrium  state  is  differ¬ 
ent  than  that  existing  upstream  of  the  body-boattail  junction).  In  the 
present  case,  the  boundary-layer  thickness  is  approximately  15%  of 
the  base  radius,  so  that  axisymmetric  effects  on  the  boundary  layer 
due  to  lateral  surface  curvature  are  generally  quite  weak.  The  values 
shown  in  Fig.  6  for  the  shape  factor,  wake  strength  parameter,  and 
skin-friction  coefficient  fall  within  the  ranges  established  by  previ- 
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Fig.  6  Mean  bounday-layer  profile  immediately  upstream  of  base  cor¬ 
ner  (x//?o  =  —0.06). 
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Fig.  8  Mean  axial  velocity  along  centerline:  comparison  between  boat- 
tailed  and  cylindrical  afterbodies. 


Fig.  7  Effect  of  expansion  at  body-boattail  junction  on  streamwise  rms 
velocity  fluctuation. 

ous  investigators  for  equilibrium,  compressible,  turbulent  boundary 
layers.*^  The  freestream  Mach  number  and  unit  Reynolds 
immediately  upstream  of  the  base  comer  are  2.61  and  47  x  10  m  . 

respectively.  . 

Although  the  mean  velocity  in  the  boundary  layer  recovers  fairly 
quickly  from  the  expansion  at  the  body-boattail  junttion,  previous 
experiments  have  shown  that  the  turbulence  properties  generally  re¬ 
cover  much  more  slowly.^’*®  Figure  7  is  a  plot  of  the  nondimensional 
streamwise  root-mean-square  (rms)  velocity  fluctuation  (cr„  /m^  )  dis¬ 
tribution  at  five  axial  stations  along  the  afterbody  (again,  for  clar¬ 
ity  only  a  few  traverses  are  shown).  A  significant  distortion  in  the 
streamwise  rms  velocity  fluctuation  profile  occurs  through  the  sud¬ 
den  expansion  at  the  body-boattail  junction  with  an  overall  reduction 
in  the  magnitude  of  the  turbulence  fluctuations  (as  characterized  by 
aj.  The  collapse  of  the  data  obtained  at  the  last  two  axial  stations  up¬ 
stream  of  the  base  comer  seems  to  indicate  that  a  “new”  equilibrium 
state  of  reduced  turbulence  levels  has  been  reached  prior  to  separa¬ 
tion.  Although  not  shown  here  for  conciseness,  the  transverse  rms 
velocity  fluctuation  profiles  and  the  primary  Reynolds  shear  stress 
profiles  also  exhibited  a  significant  decrease  in  magnitude  through 
the  expansion  at  the  body-boattail  junction. 

As  indicated  above,  the  expansion  at  the  body-boattail  junction 
distorts  both  the  mean  velocity  and  turbulence  quantities  in  the  after¬ 
body  boundary  layer,  so  that  the  initial  conditions  for  the  near- wake 
flowfield  are  changed  considerably  from  those  in  the  cylindrical  af¬ 
terbody  case.  The  implications  of  these  changes  in  the  approach 
boundary-layer  characteristics  for  the  mean  velocity,  turbulence  in¬ 
tensity,  and  Reynolds  shear  stress  fields  in  the  near  wake  of  the 
afterbody  are  discussed  in  the  following  section. 

Centerline  Measurements 

As  part  of  the  detailed  documentation  of  the  near-wake  flowfield, 
an  axial  traverse  on  the  centerline  of  the  afterbody  was  completed. 
The  LDV  data  were  obtained  in  axial  increments  of  Ax  /Ro  =  0. 157 
from  the  base  to  the  end  of  the  test-section  window  (approximately 
x/Ro  =  5.4).  The  mean  axial  velocity  distribution  along  the  center- 
line  is  shown  in  Fig.  8  along  with  similar  data  obtained  downstream 
of  the  cylindrical  afterbody. The  rear  stagnation  point  (reattach¬ 
ment  location)  is  defined  as  the  location  where  the  mean  axial  ve¬ 
locity  along  the  centerline  vanishes.  Note  that  the  mean  shear-layer 
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Fig.  9  'Rirbulent  kinetic  energy  distributions  along  centerline:  com¬ 
parison  between  boattailed  and  cylindrical  afterbodies. 

reattachment  location  moves  downstream  when  the  boattail  is  added 
to  the  cylindrical  afterbody  (St,/ Ro  =  2.81  and  Sc/ Rq  =  2.65).  'Riis 
trend  is  consistent  with  the  higher  base  pressure  on  the  boattailed 
afterbody,  which  results  in  a  shallower  initial  shear--layer  angle.  The 
mean  reattachment  location  for  both  afterbodies  is  in  general  agree¬ 
ment  with  the  pitot-probe  measurements  from  Ref.  16,  which  found 
S/Ro  =  2.9  in  a  Mach  3  flow  over  a  cylindrical  afterbody.  The 
peak  reverse  velocity  in  the  separated  region  behind  the  base  is  ap¬ 
proximately  29%  of  t/i  for  the  current  boattailed  afterbody,  which 
is  only  slightly  larger  than  that  measured  for  the  cylindried  after¬ 
body  (27%  of  t/i).  These  results  are  very  similar  to  those  given  by 
Ref.  17  for  a  subsonic,  power-off  base  flowfield,  which  supports  the 
hypothesis  of  Ref.  18  that  a  similarity  relationship  may  exist  for  the 
mean  axial  velocity  along  the  centerline  of  axisymmetric  bodies. 
In  addition,  the  similarities  in  the  mean  axial  velocity  distributions 
at  different  approach  Mach  numbers  suggest  that  compressibility 
effects  are  negligible  in  determining  the  mean  structure  of  the  recir¬ 
culation  region. 

In  addition  to  the  mean  axial  velocity,  the  axial  and  radial  rms 
velocity  fluctuations  were  also  determined  along  the  centerline  of 
each  afterbody.  In  order  to  compare  the  overall  turbulence  fluctu¬ 
ation  levels  along  the  centerline,  the  turbulent  kinetic  energy  was 
calculated  using  the  following  relation: 

it=l(a„^+<+<T^,)  (1) 

where  (t^  was  set  equal  to  along  the  centerline.  This  assump¬ 
tion  is  supported  by  data  obtained  throughout  the  near  wake,  where 
all  three  components  of  the  Reynolds  normal  stress  were  directly 
measured.  The  turbulent  kinetic  energy  distributions  along  the  cen¬ 
terline  of  the  cylindrical*^  and  boattailed  afterbodies  are  compared 
in  Fig.  9.  Contrary  to  the  mean  axial  velocity  profiles  shown  in 
Fig.  8,  the  effect  of  afterbody  boattailing  on  the  centerline  turbulent 
kinetic  energy  is  substantial.  Although  both  centerline  distributions 
peak  near  the  reattachment  point  as  the  shear  layer  converges  on 
the  axis,  the  turbulent  kinetic  energy  is  significantly  reduced  in  the 
boattailed  afterbody  case  (peak  value  is  reduced  by  approxinaately 
22%).  This  result  suggests  that  the  turbulence  mechanisms  in  the 
near  wake,  and  particularly  in  the  reattaching  shear  layer,  are  at¬ 
tenuated  by  afterbody  boattailing.  This  result  stems,  in  part,  from 
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the  reduced  turbulence  levels  in  the  separating  boundary  layer  for 
the  boattailed  afterbody  case.  The  effects  of  afterbody  boattailing 
on  the  mean- velocity  and  turbulence  properties  throughout  the  near 
wake  are  discussed  in  more  detail  in  the  next  two  sections. 

Near-Wake  Mean-Velocity  Measurements 

The  mean-velocity  vector  field  throughout  the  near  wake  of  the 
current  boattailed  afterbody  is  shown  in  Fig.  10.  Note  that  in  this 
and  subsequent  figures  the  vertical  axis  has  been  expanded  by  46% 
compared  to  the  horizontal  axis  in  order  to  show  more  clearly  the  im¬ 
portant  features  of  the  fiowfield.  To  enhance  the  presentation  of  the 
mean-velocity  field,  the  uniformly  spaced  velocity  vectors  shown  in 
Fig.  10  have  been  generated  by  a  linear  interpolation  in  both  x  and 
r  of  the  unequally  spaced  LDV  data.  The  mean- velocity  vector  field 
in  Fig.  10  shows  qualitatively  many  of  the  features  of  the  near-wake 
fiowfield  shown  previously  in  Fig.  1.  The  fireestream  flow  is  shown 
to  undergo  a  series  of  deflections  due  to  the  expansions  at  the  body- 
boattail  junction  and  base  comer,  followed  by  the  recompression 
shock  wave  system  in  the  near  wake,  which  realigns  the  fiowfield 
with  the  axis  of  symmetry.  The  general  shape  of  the  recirculation 
region  behind  the  base  is  also  clearly  shown  in  the  figure.  The  loca¬ 
tion  of  the  mean  reattachment  point  is  labeled  along  the  horizontal 
axis;  it  provides  a  useful  marker  for  the  relative  location  of  many 
important  features  of  the  near-wake  fiowfield. 

A  contour  plot  of  U/Ui  in  the  near  wake  is  shown  in  Fig.  11. 
The  growth  of  the  shear  layer  downstream  of  the  base  comer  is 
shown  by  the  diverging  contour  lines,  which  initially  are  spaced 
very  closely  together,  indicating  large  mean  axial-velocity  gradi¬ 
ents  in  the  shear  layer  immediately  downstream  of  separation.  It 
is  interesting  to  note  that  the  contour  levels  at  the  inner  edge  of 
the  shear  layer  divei^e  rapidly  from  the  base  comer,  while  those  at 
the  outer  edge  (contour  levels  0.8-1 .0)  diverge  slowly  with  down¬ 
stream  distance.  This  result  suggests  that  a  two-layer  description 
of  the  initial  shear-layer  development  (suggested  in  Ref.  8  for  at¬ 
tached  boundary  layers  downstream  of  a  rapid  expansion)  may  be 
appropriate  where  an  inner  layer  of  high  turbulence  levels  and  large 
mass  entrainment  rates  grows  rapidly  within  an  outer  layer  of  lower 
turbulence  levels  and  relatively  slow  development.  As  suggested 
in  Fig.  1 1,  the  inner  layer  eventually  overtakes  the  outer  layer  and 
consumes  a  majority  of  the  overall  shear  layer  width.  The  recoveiy 
of  the  mean-axial-velocity  profile  downstream  of  reattachment  is 
seen  to  be  fairly  rapid;  however,  at  the  far  downstream  extent  of  the 
present  measurements,  a  velocity  defect  of  approximately  42%  still 
exists,  which  indicates  that  full  recovery  of  die  mean  axial  velocity 
in  the  wake  does  not  occur  within  5  base  radii.  Reference  19  found 
that  the  wake  in  their  two-dimensional  base  flow  fully  recovered  (ve¬ 
locity  defect  vanished)  at  a  downstream  distance  of  4,7  base  heights 


(equivalent  to  9.4  base  radii  in  the  present  case).  Although  full  wake 
recovery  was  not  achieved  in  the  present  case,  the  mean  flow  at  the 
last  axial  station  surveyed  was  found  to  be  entirely  supersonic,  so 
that  disturbances  generated  further  downstream  by  the  wind-tunnel 
geometry  have  no  effect  on  the  near-wake  fiowfield  of  interest. 

In  addition  to  the  mean  axial  velocity;  the  mean  radial  velocity 
was  also  determined  from  the  three-component  LDV  data;  contours 
of  Vr/Ui  arc  shown  throughout  the  near  wake  in  Fig.  12.  The  loca¬ 
tion  of  the  rapid  expansions  at  the  body-boattail  junction  and  base 
comer  are  now  more  clearly  shown  by  decreasing  contour  levels 
(more  negative  radial  velocity);  the  expansions  appear  to  be  well 
centered  at  these  locations.  Beyond  the  base-comer  expansion  fan, 
the  mean  radial  velocity  continues  to  increase  in  magnitude,  due  to 
axisymmetric  effects,  to  a  peak  value  of  0.18f/i  at  about  two  after¬ 
body  radii  downstream.  The  gradual  realignment  of  the  freestream 
flow  is  shown  on  the  right  in  Fig.  12  by  the  increasing  contour  lev¬ 
els,  and  the  realignment  appears  even  slower  in  the  inner  region  of 
the  shear  layer,  as  evidenced  by  the  persistence  of  a  mean-radial- 
velocity  “finger'*  at  the  lower  right  in  the  figure.  This  realignment 
pattern  was  also  found  in  the  cylindrical  afterbody  case*^  and  is 
important  in  multicomponent  modeling  of  these  fiowfields,  as  the 
recompression  criterion  provides  the  closure  condition  to  the  entire 
near- wake  solution.^  The  mean-radial-velocity  contours  in  Fig.  12 
also  show  the  acceleration  of  the  low-speed  fluid  flowing  radially 
outward  (positive  Vr)  at  the  base  as  it  becomes  entrained  into  the 
shear  layer  near  the  base  comer.  Note  the  rapid  change  of  flow  di¬ 
rection  (change  in  sign  of  the  mean  radial  velocity)  near  the  base 
comer,  which,  as  mentioned  earlier,  may  be  responsible  for  the  ris¬ 
ing  base  pressure  with  increasing  radius  from  the  base  center.  Lastly, 
the  increasing  contour  levels  at  the  upper  right  in  Fig.  12  mark  the 
location  of  a  compression  wave  generated  by  the  reflection  of  the 
body-boattail  junction  expansion  fan  from  a  shear  layer  at  the  outer 
periphery  of  the  test  section.  This  region  of  the  flow  is  entirely  super¬ 
sonic,  so  that  interference  with  the  near-wake  fiowfield  of  interest 
does  not  occur. 

By  comparing  the  mean-velocity  field  discussed  above  with  that 
obtained  downstream  of  a  cylindrical  afterbody,  it  is  found  that 
the  overall  structure  of  the  mean  fiowfield  in  these  cases  is  qualita¬ 
tively  similar.  However,  one  important  difference  that  exists  due  to 
afterbody  boattailing  is  a  reduction  in  the  mean  shear-layer  growth 
rate  of  approximately  20%  from  that  in  the  cylindrical  afterbody 
case.  The  growth  rate  of  the  shear  layer  is  directly  linked  to  the 
amount  of  mass  entrainment  from  the  recirculation  region  and  there¬ 
fore  directly  affects  the  base  pressure.  The  reduction  in  shear-layer 
growth  for  the  boattailed  afterbody  is  consistent  with  the  mea¬ 
sured  higher  base  pressure  than  for  a  cylindrical  afterbody  (16% 
higher  in  the  present  case)  and  is  an  important  ftictor  in  determin¬ 
ing  the  overall  effectiveness  of  afterbody  boattailing  in  reducing 
base  drag. 

Near-Wake  Turbulence  Measurements 

In  the  present  experiments,  five  of  the  six  components  of  the  kine¬ 
matic  Reynolds  stress  tensor  have  been  directly  measured.  In  this 
section,  the  primary  results  of  these  turbulence  measurements  will 
be  presented.  Figure  13  is  a  contour  plot  of  the  axial  turbulence  in¬ 
tensity  throughout  the  near-wake  fiowfield.  The  increase  in  the  axial 
turbulence  intensity  from  the  relatively  low  levels  in  the  freestream 
marks  the  outer  edge  of  the  shear  layer.  A  peak  value  of  approx¬ 
imately  0.203  occurs  in  the  subsonic  portion  of  the  shear  layer, 
approximately  2  afterbody  radii  downstream  of  the  base  comer,  and 
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Fig.  13  Axial  turbulence  intensity  contours— cr„/Ui. 


Fig.  14  Radial  turbulence  intensity  contours— /l/i . 


represents  a  reduction  from  the  peak  level  in  the  cylindrical  after¬ 
body  case*^  of  nearly  8%.  In  fact,  throughout  the  shear-layer  and 
wake  regions  of  the  boattailed  afterbody  near  wake,  the  axial  turbu¬ 
lence  intensity  is  reduced  from  the  cylindrical  afterbody  case.  This  is 
most  likely  a  result  of  the  reduced  turbulence  levels  in  the  boundary 
layer  upstream  of  the  base  comer.  In  addition,  the  reduced  strength 
of  the  base-comer  expansion  fan  in  the  boattailed  afterbody  case 
results  in  less  distortion  of  the  mean-velocity  profiles  and  reduced 
turbulence  production  in  the  initial  portions  of  the  shear  layer.^*  The 
axial  turbulence  intensity  decays  through  the  reattachment  region 
in  the  present  case,  which  is  in  contrast  to  data  obtained  for  a  com¬ 
pressible  shear  layer  reattaching  onto  a  solid  wall,  where  it  has  been 
shown^^'^  that  the  axial  turbulence  intensity  peaks  downstream  of 
the  reattachment  point.  These  differences  in  the  locations  for  the 
peak  axial  turbulence  intensity  may  be  attributed  to  the  difference 
in  the  boundary  condition  between  the  two  cases.  In  the  solid-wall 
case,  the  velocity  constraint  at  the  wall  (u  =  0)  holds  in  an  instanta¬ 
neous  sense,  so  that  the  mean  velocity  and  rms  velocity  fluctuations 
both  must  vanish  at  the  wall.  However,  in  the  compliant-surface 
reattachment  of  the  present  case,  the  velocity  constraint  at  the  ficti¬ 
tious  surface  requires  that  the  mean  transverse  velocity  vanish  but 
not  the  instantaneous  transverse  velocity,  so  that  a  nonzero  trans¬ 
verse  rms  velocity  fluctuation  exists.  The  axial  turbulence  intensity 
also  peaked  upstream  of  the  reattachment  point  for  the  cylindricd 
afterbody  case.^^  Interestingly,  peak  turbulence  intensities  have  also 
been  shown  to  occur  upstream  of  reattachment  for  subsonic  shear 
layers  reattaching  onto  a  solid  wall.^^ 

In  addition  to  the  axial  turbulence  intensity,  the  radial  and  tan¬ 
gential  turbulence  intensities  were  also  determined  from  the  LDV 
data;  the  radial  turbulence  intensity  contours  are  shown  in  Fig.  14. 
The  qualitative  trends  are  similar  to  those  of  the  axial  turbulence 
intensity,  with  relatively  large  values  in  the  shear  layer  that  decay 
through  the  reattachment  region  into  the  downstream  wake.  A  peak 
radial  value  of  0.129  occurs  slightly  upstream  of  reattachment  and 
represents  a  17%  decrease  from  the  peak  value  measured  in  the 
cylindrical  afterbody  case.*^  Note  that  the  overall  magnitudes  of  the 
radial  turbulence  intensity  are  smaller  than  those  of  the  axial  compo¬ 
nent,  with  a  typical  anisotropy,  OujOvr » ^  .6-2.0  in  the  shear  layer. 
Throughout  the  recirculation  region,  the  radial  turbulence  intensity 
remains  fairly  uniform  at  levels  reduced  from  those  in  the  shear 
layer.  The  tangential  turbulence  intensity  distribution  is  similar  to 
that  shown  in  Fig.  14  for  the  radial  turbulence  intensity,  with  a  peak 
value  of  0.133  occurring  near  the  reattachment  point.  The  addition 
of  the  boattail  caused  little  change  in  the  peak  tangential  turbulence 
intensity  (1.4%  reduction),  even  though  the  other  two  turbulence 
intensity  components  were  significantly  reduced.  Throughout  the 
shear  layer,  a  radial-to-tangential  anisotropy  ratio  of  ap¬ 


proximately  unity  is  maintained;  thus,  the  magnitude  ordering  of 
the  Reynolds  normal  stresses  in  the  present  case  is  or„  > 
which  indicates  the  preferential  orientation  of  the  turbulence  field 
in  the  axial  direction. 

Utilizing  the  three  turbulence  intensity  distributions  measured  in 
the  present  study,  the  turbulent  kinetic  energy  [see  Eq.  (1)]  has  been 
determined  and  is  shown  in  Fig.  15.  As  mentioned  above,  the  axial 
turbulence  intensity  dominates  the  turbulence  field,  so  the  turbulent 
kinetic  energy  contours  shown  in  Fig.  15  appear  similar  to  those  of 
the  axial  turbulence  intensity  shown  in  Fig.  13.  The  peak  value  of 
k/V^  =  0.0359  occurs  upstream  of  reattachment  in  the  subsonic 
region  of  the  shear  layer.  This  global  maximum  in  turbulent  kinetic 
energy  is  significantly  smaller  than  the  value  given  in  Ref.  19,  where 
a  peak  turbulent  kinetic  energy  of  0.07  was  found  near  rcattachment 
in  the  two-dimensional  base  flow  study.  The  significant  difference 
between  these  two  values  is  most  likely  a  result  of  the  much  weaker 
base-comer  expansion  fan  in  the  present  case,  which  results  in  less 
turbulence  production  immediately  downstream  of  separation.  In 
fact.  Ref.  25  reports  a  measured  pe^  turbulent  kinetic  energy  of  ap¬ 
proximately  0.042  in  the  reattachment  region  of  a  supersonic  shear 
layer  that  had  been  separated  at  constant  pressure  from  a  backstop 
(i.e.,  no  expansion  at  the  separation  point).  The  peak  value  in  the 
present  case  also  represents  an  18%  reduction  from  the  peak  turbu¬ 
lent  kinetic  energy  measured  in  the  cylindrical  afterbody  case.  The 
measured  reduction  in  turbulence  levels  in  the  shear  layer  results  in 
less  mass  entrainment  from  the  recirculation  region  for  the  boattailed 
afterbody  case,  which,  as  mentioned  previously,  is  consistent  with 
the  reduction  in  measured  shear-layer  growth  rate  (approximately 
20%)  and  increased  base  pressure.  In  the  recirculation  region  be¬ 
hind  the  base,  the  turbulent  kinetic  energy  is  fairly  uniform  at  values 
significantly  smaller  than  those  in  the  shear  layer. 

In  addition  to  the  turbulence  intensity  components  presented 
above,  the  axial-radial  and  axial-tangentid  Reynolds  shear  stresses 
have  been  measured  directly.  The  measured  axial-radial  shear  stress 
was  larger  than  the  measured  axial-tangential  shear  stress  by  approx¬ 
imately  an  order  of  magnitude  in  the  high-turbulence  regions  of  the 
shear  layer.  Contours  of  the  dimensionless  axial-radial  shear  stress 
are  shown  in  Fig,  16.  As  in  the  axial  turbulence  intensity  contours 
shown  previously,  the  peak  dimensionless  shear  stress  magnitude 
occurs  upstream  of  reattachment  and  takes  a  value  of  0.0175,  which 
represents  an  8%  decrease  from  the  peak  value  measured  in  the 
cylindrical  afterbody  case.*^  In  addition,  the  peak  shear  stress  mea¬ 
sured  in  the  current  study  is  significantly  smaller  than  that  measured 
in  Ref,  19  in  the  two-dimensional  base  flow  study.  Throughout  the 
recirculation  region,  the  shear  stress  magnitudes  are  small,  indi¬ 
cating  the  absence  of  any  significant  large-scale  turbulence  in  the 
separation  bubble  downstream  of  the  base.  The  locus  of  peak  shear 
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Table  1  Comparison  of  peak  values  of  turbulence  quantities 


Quantity 

Cylindrical 

afterbody 

Boattailed 

afterbody 

Difference, 

% 

0.220 

0.203 

-7.7 

Ovr/Ul 

0.156 

0.129 

-17.3 

OvJVx 

0.135 

0.133 

-1.4 

klV\ 

0.0440 

0.0359 

-18.4 

0.0190 

0.0175 

-7.9 

stress  magnitudes  at  each  axial  station  in  the  near  wake  consistently 
lies  in  the  subsonic  region  of  the  shear  layer,  which  indicates  the 
importance  of  large-scale  turbulent  structures  in  the  entrainment  of 
fluid  from  the  recirculation  region. 

In  general,  the  effect  of  afterbody  boattailing  is  to  reduce  the 
overall  turbulence  levels  throughout  the  near-wake  flowfield  rela¬ 
tive  to  a  cylindrical  afterbody.  Table  1  presents  a  summary  of  the 
peak  values  of  the  primary  turbulence  quantities  obtained  for  the 
current  boattailed  afterbody  and  those  obtained  previously  for  the 
cylindrical  afterbody.*^  The  addition  of  the  boattail  is  shown  to  sig¬ 
nificantly  reduce  both  the  axial  and  radial  turbulence  intensities, 
with  the  strongest  effect  occurring  in  the  radial  component.  In  ad¬ 
dition,  the  turbulent  kinetic  energy  and  Reynolds  shear  stress  are 
reduced  by  afterbody  boattailing.  From  an  analysis  of  the  turbulence 
production  in  the  near  wake  of  both  the  cylindrical  and  boattailed 
afterbodies,^*  the  decrease  in  near-wake  turbulence  for  the  boat- 
tailed  afterbody  is  found  to  be  due,  in  part,  to  the  reduced  strength 
of  the  base-comer  expansion  fan,  which  directly  affects  the  mean- 
velocity  gradient  (and  therefore  turbulence  production)  in  the  initial 
portion  of  the  shear  layer.  Of  course,  the  reduced  turbulence  in  the 
boattailed  afterbody  boundary  layer  also  plays  a  role  in  the  overall 
reduction  in  turbulence  in  the  near  wake  of  the  boattailed  afterbody. 
The  practical  significance  of  the  reduced  turbulence  in  the  present 
case  is  the  substantial  reduction  in  mass  entrainment  from  the  recir¬ 
culation  region  (shear-layer  growth  rate  reduced  by  approximately 
20%),  which  directly  implies  a  higher  base  pressure. 

Conclusions 

An  experimental  investigation  of  the  near- wake  flowfield  behind  a 
conical  boattailed  afterbody  in  supersonic  flow  has  been  presented. 
The  primary  objectives  of  this  study  are  to  investigate  the  fluid- 
dynamic  effects  of  afterbody  boattailing  and  how  they  relate  to  the 
increase  in  base  pressure  on  conventional  unpowered  missiles  and 
projectiles  in  supersonic  flight.  The  experimental  procedure  fol¬ 
lowed  during  the  investigation  was  to  obtain  detailed  nonintrusive 
experimental  data  on  a  simplified  configuration  (i.e.,  without  af¬ 
terbody  control  fins)  both  with  and  without  a  boattail.  The  data 
include  flow  visualization  photographs,  measurements  of  the  mean 
static  pressure  on  the  afterbody  and  base,  and  three-component  LDV 
measurements  throughout  the  near  wake.  A  second  objective  of  this 
study  was  to  provide  experimental  data  of  sufficient  detail  and  qual¬ 
ity  that  could  be  used  in  numerical  validation  studies.  Toward  this 
end,  the  entire  set  of  data  presented  in  this  paper  has  been  tabu¬ 
lated  in  an  easily  readable  format  and  is  available  on  disk  from  the 
authors.  From  the  data  presented  herein,  the  following  conclusions 
can  be  drawn: 

1)  Afterbody  boattailing  is  an  effective  means  of  decreasing  the 
net  afterbody  drag  on  unpowered  missiles  and  projectiles  in  super¬ 
sonic  flight.  In  the  present  case,  the  addition  of  a  conical  boatoil 
resulted  in  a  net  afterbody  drag  reduction  of  21%  from  a  cylindrical 
afterbody  at  the  same  approach  Mach  number  and  Reynolds  number. 

2)  The  rapid  expansion  at  the  body-boattail  junction  in  super¬ 
sonic  flow  can  significantly  alter  the  mean  velocity  and  turbulence 
distributions  in  the  afterbody  boundary  layer.  In  addition  to  a  re¬ 
duction  of  the  outer  wake  component  of  the  mean  boundary-layer 
velocity  profile,  the  rapid  expansion  causes  a  decrease  in  the  turbu¬ 
lence  intensity  and  Reynolds  shear  stress  throughout  the  bounda^ 
layer,  which,  if  the  boattail  length  is  sufficiently  short,  can  result  in 
substantial  changes  in  the  boundary-layer  conditions  at  separation. 

3)  The  mean  velocity  in  the  near  wake  of  unpowered  axisymmetric 
bodies  is  qualitatively  unaffected  by  afterbody  boattailing.  The  most 
significant  quantitative  effect  of  boattailing  is  a  reduction  in  the 


mean  shear-layer  growth  rate  (approximately  20%  in  the  present 
case),  which  is  a  result  of  reduced  mass  entrainment  rates  from  the 
recirculation  region  behind  the  base.  Obviously,  this  mech^sm  has 
direct  influence  on  the  base  pressure  and  therefore  is  an  important 
effect  of  afterbody  boattailing  in  supersonic  flow. 

4)  Turbulence  levels  in  the  separated  shear  layer  are  significantly 
reduced  (e.g.,  18%  reduction  in  the  turbulent  kinetic  energy)  by  af¬ 
terbody  boattailing  due  to  the  diminished  fluctuations  in  the  bound¬ 
ary  layer  at  separation  and  to  the  reduced  strength  of  the  expansion 
fan  at  the  base  comer,  which  reduces  turbulence  production  in  the 
initial  portion  of  the  shear  layer.  In  general,  the  axial  Reynolds  nor¬ 
mal  stress  dominates  the  near-wake  turbulence  field,  with  the  radial 
and  tangential  normal  stresses  being  approximately  equal.  Strong 
peaks  in  the  axial  Reynolds  normal  stress  and  Reynolds  shear  stress 
occur  in  the  subsonic  region  of  the  shear  layer  at  an  axial  location 
upstream  of  the  reattachment  point. 
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Detailed  mean  velocity  and  turbulence  data  have  been  obtained  with  a  laser  Doppler  velocimeter  for 
two  axisymmetric  shear  layers  downstream  of  rapid  expansions  of  different  strengths.  A  comparison 
of  the  data  in  the  near  field  (immediately  downstream  of  separation)  and  far  field  (shear  layer 
approaching  self-similarity)  is  presented,  and  the  fluid  dynamic  effects  of  the  rapid  expansion  are 
ascertained  for  each  regime.  In  general,  the  rapid  expansion  was  found  to  distort  the  initial  mean 
velocity  and  turbulence  fields  in  the  shear  layer,  in  a  manner  similar  to  that  in  rapidly  expanded, 
attached  supersonic  boundary  layers;  namely,  two  distinct  regions  were  found  in  the  initial  shear 
layer:  an  outer  region,  where  the  turbulent  fluctuations  are  quenched  primarily  due  to  mean 
compressibility  effects  (bulk  dilatation),  and  an  inner  region,  where  turbulence  activity  is  magnified 
due  to  the  interaction  of  organized  large-scale  structures  in  the  shear  layer  with  low-speed  fluid  at 
the  inner  edge.  With  increasing  strength  of  the  rapid  expansion,  the  effects  in  both  regions  become 
more  pronounced,  especially  in  the  inner  region,  where  turbulent  fluctuations  and  mass  entrainment 
rates  are  greatly  magnified.  Farther  downstream,  the  turbulence  activity  of  the  large-scale  eddies 
remains  elevated,  due  to  the  rapid  expansion,  even  though  the  relative  distribution  of  the  turbulence 
energy  between  the  Reynolds  stress  components  (structure  of  the  turbulence)  is  independent  of 
expansion  strength.  ©  1995  American  Institute  of  Physics. 


L  INTRODUCTION 

The  development  of  compressible  free  shear  layers  has 
received  considerable  attention  in  the  scientific  community 
over  the  past  several  years.  Driven  by  the  desire  to  design  a 
practical  supersonic  combustion  engine  (i.e.,  scrapijet),  most 
research  efforts  have  focused  on  documenting  the  growth 
rate  and  mixing  of  fully  developed,  two-stream  mixing  layers 
for  a  variety  of  free-stream  conditions  from  the  incompress¬ 
ible  to  compressible  regimes,  The  primary  result  of  this 
research  is  that  the  shear  layer  growth  rate,  dbldx,  and  tur¬ 
bulence  levels  decrease  significantly  with  increasing  com¬ 
pressibility.  Generally,  the  degree  of  compressibility  is  de¬ 
scribed  in  terms  of  either  the  convective  Mach  number  {Me) 
or  the  relative  Mach  number  (A/^)  of  the  mixing  layer  (for 
two  streams  with  identical  specific  heat  ratios,  ==  IM^)- 
However,  there  appears  to  be  growing  skepticism  as  to  the 
universality  of  these  correlation  parameters  for  all  mixing 
layer  scenarios.  Viegas  and  Rubesin'^  show  quite  clearly  the 
significant  scatter  in  the  measured  shear  layer  growth  rates 
obtained  by  different  researchers  at  identical  convective  (or 
relative)  Mach  numbers.  These  authors  suggest  that  the 
Mach  numbers  of  each  individual  stream  may  impact  the 
shear  layer  growth  rate,  even  though  the  convective  Mach 
number  (calculated  from  the  velocity  difference  across  the 
shear  layer)  remains  fixed.  The  recent  data  of  Bunyajitradu- 
lya  and  Papamoschou^  seem  to  support  this  claim.  However, 
an  additional  problem,  which  is  often  overlooked  when  com¬ 
paring  shear  layer  data,  is  the  effect  of  the  initial  conditions 
at  the  shear  layer  origin  on  the  fully  developed  shear  layer 
characteristics.  As  pointed  out  by  Bradshaw^  and  others  for 


incompressible  mixing  layers,  the  initial  conditions  qan  have 
a  dramatic  effect  on  shear  layer  development,  and,  in  gen¬ 
eral,  can  affect  the  mean  velocity  and  turbulence  statistics  of 
the  shear  layer  in  its  fully  developed  state.  As  a  result,  quan¬ 
titative  comparisons  between  experiments  conducted  at  dif¬ 
ferent  sites  (and,  therefore,  under  different  conditions)  can  be 
quite  difficult. 

'  Mehta  and  WestphaP  discuss  the  significant  sensitivity 
of  the  incompressible  shear  layer  to  small  changes  in  its  ini¬ 
tial  conditions  (e.g.,  approach  boundary  layer  state  and  thick¬ 
ness)  and  wind  tunnel  operating  conditions  (e.g.,  free-stream 
turbulence  levels),  which,  in  practice,  can  be  very  difficult  to 
control.  In  a  later  study  of  incompressible  plane  mixing  lay¬ 
ers  with  different  velocity  ratios,  Mehta*  showed  conclu¬ 
sively  that  the  interaction  between  the  developing  shear  layer 
and  the  wake  generated  by  the  splitter  plate  strongly  affected 
the  distance  required  for  the  shear  layer  to  achieve  self¬ 
similarity,  with  turbulence  properties  developing  more 
slowly  than  the  mean  velocity.  In  fact,  Mehta*  showed  that, 
in  most  cases,  the  shear  layer  growth  rate  is  approximately 
linear  almost  from  the  start  of  development,  which  shows  the 
importance  of  utilizing  the  spatial  independence  of  the  more 
slowly  developing  turbulence  properties  as  a  criterion  for 
determining  the  achievement  of  self-similarity.  Also,  in  many 
practical  situations,  the  streamwise  distance  available  for 
shear  layer  growth  is  insufficient  for  the  shear  layer  to  reach 
fully  developed  conditions.  In  these  cases,  the  shear  layer 
development  immediately  downstream  of  boundary  layer 
separation  has  increased  importance. 

Although  little  information  is  available  in  the  initial  de- 
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FIG.  1.  Sketch  of  the  mean  flow  field  near  the  shear  layer  origin. 


velopment  region  of  rapidly  expanded  compressible  free 
shear  layers  (as  discussed  below),  a  considerable  amount  of 
research  has  been  presented  on  the  effects  of  rapid  expan^ 
sions  on  attached,  supersonic  turbulent  boundary  layers. 
Dawson  and  Samimy^  and  Amette  et  al}^  used  fast-response 
pressure  measurements  and  filtered  Rayleigh  scattering,  re¬ 
spectively,  to  show  that  rapid  expansions  quench  the  small- 
scale  turbulence  in  supersonic,  turbulent  boundary  layers 
while  enhancing  the  turbulence  energy  in  the  large-scale 
structures  (i.e.,  a  reverse  energy  cascade  from  high  to  low 
wave  numbers).  Dussauge  and  Gaviglio^^  showed  that  the 
bulk  dilatation  associated  with  a  rapid  expansion  is  primarily 
responsible  for  an  observed  decrease  in  the  Reynolds 
stresses,  especially  near  the  wall  where  small-scale  turbu¬ 
lence  dominates.  To  a  lesser  degree,  stabilizing  streamline 
curvature  also  contributes  to  a  decrease  in  the  Reynolds 
stresses.  Downstream  of  the  rapid  expansion,  a  new  wall 
layer  with  increasing  turbulence  levels  was  found,  which 
grows  with  downstream  distance  within  an  outer  layer  of 
essentially  frozen  turbulence  activity;  eventually,  the  inner 
layer  consumes  the  outer  layer,  forming  a  “new”  boundary 
layer  with  properties  that  may  differ  considerably  from  those 
upstream  of  the  expansion.  Hampton  and  White^^  also  pro¬ 
posed  a  two-layer  structure  for  the  recovering  boundary  layer 
downstream  of  rapid  expansions. 

In  addition  to  providing  benchmark  data  on  the  effect  of 
rapid  expansions  on  turbulent  boundary  layers,  Dussauge 
and  Gaviglio^^  also  used  rapid  distortion  approximations 
(RDAs)  to  the  Reynolds  stress  transport  equations  to  com¬ 
pute  the  evolution  of  the  Reynolds  stresses  through  the  ex¬ 
pansion.  The  RDAs  neglect  the  effects  of  turbulence  diffu¬ 
sion  and  dissipation  through  the  expansion,  while  retaining 
the  turbulence  production  and  pressure  terms  in  the  govern¬ 
ing  equations.  Comparison  to  experimental  data  was  gener¬ 
ally  good.  Smith  and  Smits^^  also  used  RDAs  to  compute  the 
Reynolds  stresses  through  a  rapidly  expanded  turbulent 
boundary  layer  in  supersonic  flow.  The  expected  decrease  in 
the  individual  Reynolds  stress  components  through  the  ex¬ 
pansion  was  accurately  predicted  by  this  method,  even 


though  the  conditions  for  validity  of  the  RDAs  were  not 
strictly  satisfied  across  the  entire  boundary  layer.  As  will  be 
discussed  below,  many  of  the  same  effects  described  for  rap¬ 
idly  expanded  attached  boundary  layers  will  also  be  impor¬ 
tant  for  boundary  layers  that  separate  through  a  rapid  expan¬ 
sion. 

The  effects  of  a  rapid  expansion  on  the  mean  velocity 
and  turbulence  properties  of  a  developing  free  shear  layer 
were  investigated  by  Samimy  et  and  Petrie  et 

using  laser  Doppler  velocimetry  (LDV).  By  comparing  the 
development  of  a  shear  layer  separated  at  constant  pressure 
to  that  of  a  shear  layer  that  was  rapidly  expanded  at  its  origin 
(shear  layer  inclination  angle,  0  -  15.4®),  the  effects  of  the 
rapid  expansion  on  the  far  field  mean  velocity  and  Reynolds 
stress  distributions  were  deduced.  These  authors  found  that 
the  rapidly  expanded  shear  layer  had  higher  peak  Reynolds 
stress  values  and  a  stronger  normal  stress  anisotropy 
(stJ  throughout  the  majority  of  the  shear  layer  develop¬ 
ment.  Unfortunately,  detailed  LDV  data  were  not  obtained 
immediately  downstream  of  the  expansion  due  to  inadequate 
seeding  in  this  region.  Peace^^  points  out  the  need  for  de¬ 
tailed  Reynolds  stress  measurements  immediately  down¬ 
stream  of  boundary  layer  separation  in  order  to  enhance  the 
current  computational  capabilities  for  massively  separated 
afterbody  flow  fields. 

The  objective  of  the  present  paper  is  to  study  the  devel¬ 
opment  of  axisymmetric,  compressible  free  shear  layers  that 
are  formed  by  separation  of  a  turbulent  boundary  layer 
through  a  rapid  expansion  (see  Fig.  1).  The  flow  conditions 
in  the  present  experiments  are  representative  of  those  in  the 
base  region  of  a  typical  missile  or  projectile  in  unpowered 
supersonic  flight.  The  focus  of  the  investigation  will  be  the 
shear  layer  development  immediately  downstream  of  separa¬ 
tion,  which  plays  an  important  role  in  determining  the  mass 
entrainment  rates  and  subsequent  growth  of  the  shear  layer. 
It  is  the  interaction  of  the  shear  layer  with  the  recirculation 
region  behind  the  base  (Fig.  1)  that  directly  affects  the  mean 
pressure  acting  on  the  base  surface  (i.e.,  base  drag).  Included 
in  this  study  are  extensive  LDV  measurements  made  imme- 
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diately  upstream  and  downstream  of  the  rapid  expansion.  In 
addition  to  the  near-interaction  region,  the  approach  of  the 
shear  layer  to  self-similarity  will  be  documented  to  deter¬ 
mine  the  long-term  effect  of  the  rapid  expansion  on  the  mean 
and  turbulence  structure  of  the  shear  layer.  The  effect  of  the 
shear  layer  development  on  the  entire  near-wake  flow  field  of 
typical,  unpowered  projectiles  has  been  presented  earlier  in 
two  companion  papers. 

II.  EXPERIMENTAL  FACILITY  AND  EXPERIMENTAL 
METHODS 

The  experiments  described  herein  were  conducted  in  the 
axisymmetric  wind  tunnel  facility  in  the  University  of  Illi¬ 
nois  Gas  Dynamics  Laboratory.  Specifically  designed  for  the 
study  of  axisymmetric  afterbody  flows,  the  wind  tunnel  has 
several  unique  features,  which  ensure  uniform,  axisymmetric 
flow  in  the  test  section;  a  detailed  description  of  the  wind 
tunnel  facility  and  its  operational  characteristics  can  be 
found  in  Ref.  20.  Two  different  axisymmetric  afterbodies 
were  used  in  the  present  investigation:  a  circular  cylinder  and 
a  conical  boat-tailed  afterbody  (surface  angle  =  5®).  For  the 
cylindrical  afterbody,  the  approach  boundary  layer  separated 
from  the  base  comer  through  a  rapid  expansion  with  a  mean 
turning  angle  {6)  of  approximately  9®.  The  rapid  expansion  at 
the  comer  of  the  boat-tailed  afterbody  was  considerably 
weaker,  with  a  mean  turning  angle  of  approximately  2®.  Ad¬ 
ditional  details  concerning  the  approach  boundary  layer 
properties  will  be  given  below. 

The  primary  diagnostic  tool  used  in  these  investigations 
was  a  two-component  LDV  with  frequency  shifting;  this  sys¬ 
tem  is  capable  of  measuring  the  relatively  high  turbulence 
intensity  levels  and  reversed  velocity  realizations  present  in 
the  current  separated  flow  fields.  The  measurement  volume 
diameter  and  length  were  approximately  120  arid  700  ^m, 
respectively.  The  LDV  data  were  obtained  along  radial 
traverses  at  several  locations  (approximately  15-20)  along 
the  shear  layer  axis.  To  eliminate  any  effects  of  the  shear 
layer  reattachment  region  for  the  present  comparisons,  only  ' 
data  obtained  in  the  relatively  constant  pressure  ‘  region  of 
shear  layer  development  will  be  presented.  The  onset  of  the 
adverse  pressure  gradient  associated  with  reattachment  is  es¬ 
timated  from  the  data  of  Amatucci  et  al}^  to  occur  near  x 
—  65  mm  for  both  afterbodies  studied  herein.  The  LDV  data 
have  been  corrected  for  velocity  bias  using  the  interarrival 
time  weighting  method,  which  has  been  shown*^  to  be  an 
effective  technique  in  the  present  flow  fields;  no  correction 
for  fringe  bias  was  necessary.^®  An  error  analysis  of  the  LDV 
data  reduction  procedure  was  used  to  estimate  a  worsKase 
uncertainty  in  the  mean  velocity  of  1.2%  of  and  in  the 
RMS  velocity  fluctuation  of  2.3%  of  t/i,  where  -  567 
m/s  is  the  mean  free-stream  velocity  approaching  the  cylin¬ 
drical  afterbody. 

In  the  current  study,  silicone  oil  droplets  produced  with  a 
conventional  six-jet  atomizer  were  used  as  the  laser  light 
scattering  media.  In  a  previous  experiment  with  the  same 
seeding  apparatus,  Bloomberg”^  tested  the  tracking  ability  of 
these  particles  by  measuring  their  response  downstream  of  an 
oblique  shock  wave  generated  by  a  15®  compression  corner 
in  a  Mach  2.6  flow.  He  found  mean  relaxation  distances  of 


TABLE  I.  Summary  of  approach  boundary  layer  and  free-stream  properties. 


Case  1 

Case  2 

Ml 

2.61 

2.46 

Ml 

2.71 

2.85 

Re» 

15  700 

13  700 

S  (mm) 

4.5 

3.2 

S*  (mm) 

1.33 

0.98 

6  (mm) 

0.33 

0.26 

H 

3.98 

3.73 

n 

1.19 

1.37 

0.001  42 

0.001  48 

«,  (m/s) 

22.4 

21.2 

e  (deg) 

2 

9 

approximately  2  mm  downstream  of  the  shock  and  an  esti¬ 
mated  mean  droplet  diameter  of  0.8  Of  course,  the  mean 
velocity  gradient  through  the  rapid  expansion  in  the  present 
experiments  (maximum  turning  angle  of  9®)  is  considerably 
weaker  than  the  shock  wave  in  Bloomberg’s  experiment.  The 
response  of  the  droplets  to  turbulent  fluctuations  in  the  shear 
layer  was  estimated  with  the  results  of  Samimy  and  Lele.^"^ 
Using  the  conditions  immediately  downstream  of  separation, 
the  worst-case  Stokes  number  in  the  present  flow  fields  is 
approximately  0.6,  which  yields  a  maximum  RMS  error,  due 
to  particle  lag  of  approximately  6%.  As  the  shear  layer 
grows,  however,  the  local  Stokes  number  will  decrease,  such 
that  at  X  =  31  mm  downstream  of  separation,  the  RMS  error 
due  to  particle  lag  is  only  1.7%.  Farther  downstream,  the 
particle  lag  error  continues  to  diminish. 

III.  RESULTS 

A  comparison  of  the  mean  velocity  and  turbulence  fields 
downstream  of  the  two  afterbodies  will  now  be  presented.  In 
both  cases,  the  boundary  layer  approaching  the  separation 
point  was  fully  turbulent,  as  determined  by  measured  turbu¬ 
lence  intensity  levels  and  by  the  good  agreement  of  the  mean 
velocity  profile  with  a  compressible  turbulent  boundary  layer 
curve  fit.^®*^^  The  pertinent  properties  of  the  approach  bound¬ 
ary  layer  for  each  case  are  given  in  Table  I.  Note  that  the 
afterbody  flow  fields  to  be  compared  have  been  labeled  case 
1  and  case  2  for  mean  turning  angles  of  ^  =  2®  and  ^  =  9® 
through  the  rapid  expansion,  respectively.  This  convention 
will  be  used  for  convenience  throughout  the  remainder  of  the 
paper.  The  computed  average  relative  Mach  number  of  the 
developing  shear  layer  is  approximately  2.6  (A/^  =  1.3)  for 
each  case.  This  relatively  high  value  implies  that  compress¬ 
ibility  undoubtedly  has  a  significant  impact  on  development 
of  the  current  free  shear  layers. 

A.  Initial  shear  layer  structure 
7.  Mean  velocity 

In  this  section,  the  initial  development  of  the  shear  layer 
immediately  downstream  of  the  separation  point  will  be  pre¬ 
sented  for  both  cases.  Figure  2  shows  the  development  of  the 
nondimensional  mean  streamwise  velocity,  U/Uj,  for  each 
case,  where  U j  is  the  mean  free-stream  velocity  approaching 
the  separation  point  (U,  =  583  m/s  for  case.  1  and  567  m/s 
for  case  2).  The  magnitude  of  the  plotted  variable  for  each 
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FIG.  2.  Mean  streamwise  velocity  profiles  near  separation,  UIVx :  (a)  case 
1,  (b)  case  2, 


case  is  shown  by  the  scale  at  the  upper  left  of  the  figure.  In 
addition,  lines  denoting  the  approximate  inner  {U 
^0.01  AC/)  and  outer  iU^0,99  AU)  edges  of  the  shear 
layer  are  shown  in  the  figure.  The  axial  (x)  and  radial  (r) 
location  of  each  data  point  have  been  nondimensionalized  by 
the  radius  of  the  base  at  separation  (Rq  =  28.97  mm  for  case 
1  and  31.75  mm  for  case  2),  and  the  axial  station  for  each 
data  profile  is  shown  by  the  dashed  line  to  the  left  of  that 
profile.  It  should  be  pointed  out  that  the  statistical  data 
shown  downstream  of  separation  are  relative  to  the  classical 
shear  layer  coordinates  (x,  y,  as  shown  in  Fig.  1).  In  the 
present  case,  a  mean  shear  layer  angle  relative  to  the  ap¬ 
proach  flow  was  determined  for  each  case  by  arithmetically 
averaging  the  local  flow  angles  at  the  physical  center  of  the 
shear  layer  at  each  axial  location.  Once  determined,  the  mean 
angles  were  used  to  rotate  the  velocity  data  (obtained  in  wind 
tunnel  coordinates)  to  local  shear  layer  coordinates,  so  that 
the  mean  streamwise  velocity,  C7,  shown  in  Fig.  2,  is  parallel 
to  the  direction  of  mean  shear  layer  growth. 

The  transition  from  the  typical  turbulent  boundary  layer 
mean  velocity  profile  upstream  of  separation  to  an  error 
function-type  shear  layer  profile  is  shown  to  occur  ,rather 
smoothly  (and  rapidly)  for  case  1  [Fig.  2(a)].  Immediately 
downstream  of  separation  for  case  2,  however,  the  mean 
streamwise  velocity  profile  appears  to  develop  a  “kink,” 
where  the  mean  velocity  gradient  changes  abruptly  [labeled 
as  point  A  in  Fig.  2(b)].  The  discontinuity  in  the  profile  slope 
is  similar  to  that  found  in  rapidly"  expanded  boundary 
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layers* and  most  likely  represents  the  interface  between 
an  overexpanded  viscous  sublayer  and  an  outer  boundary 
layer  remnant,  which  has  reduced  turbulence  activity  due  to 
the  rapid  expansion  (to  be  discussed  in  more  detail  below). 
Since  the  local  strength  of  the  expansion  decreases  with  dis¬ 
tance  from  the  wall  (i.e.,  the  expansion  is  centered  at  the  base 
corner),  fluid  parcels  near  the  wall  experience  a  more  sudden 
expansion  than  those  farther  away  from  the  wall,  which  re¬ 
sults  in  a  more  pronounced  disturbance  of  the  mean  velocity 
field  at  the  inner  edge  of  the  shear  layer.  By  comparing  the 
mean  streamwise  velocity  profiles  between  the  two  cases,  it 
is  obvious  that  the  stronger  expansion  does  indeed  cause  a 
more  pronounced  slope  discontinuity  in  the  mean  velocity 
profile  immediately  downstream  of  separation.  The  enhanced 
“kink”  in  the  case  2  profile  also  leads  to  a  larger  peak  mean 
velocity  gradient  as  expansion  strength  increases,  such  that, 
for  only  moderate  changes  in  the  shear  stress,  an  increase  in 
the  primary  turbulent  kinetic  energy  production  term, 
{u'v*)dUldy,  occurs.  As  will  be  shown,  the  increase  in  tur¬ 
bulence  production  immediately  downstream  of  separation 
for  case  2  results  in  higher  turbulence  levels  farther  down¬ 
stream  as  the  shear  layer  develops. 

2.  Reynolds  stresses 

In  addition  to  the  mean  velocity  profiles  near  the  sepa¬ 
ration  point,  the  kinematic  streamwise  {<rl/Ul)  and  trans¬ 
verse  (o'y/f/i)  Reynolds  normal  stresses  and  the  primary 
Reynolds  shear  stress  {{u'v')/U\)  have  also  been  deter¬ 
mined  from  the  LDV  data  ensembles.  Figure  3  shows  a  com¬ 
parison  of  the  dimensionless  streamwise  kinematic  Reynolds 
stress  profiles  near  the  separation  point  for  each  case.  Two 
rather  obvious  effects  of  the  rapid  expansion  are  shown  in 
the  figure:  the  decrease  in  the  streamwise  turbulent  fluctua¬ 
tions  over  the  middle  portion  of  the  shear  layer  as  compared 
to  the  boundary  layer  and  the  large  increase  in  the  turbulence 
levels  at  the  inner  edge  of  the  shear  layer  at  the  interface  of 
the  rapidly  expanded  boundary  layer  and  the  low-speed  re¬ 
circulating  fluid  immediately  downstream  of  the  base.  In  the 
more  strongly  expanded  shear  layer  of  case  2  [Fig.  3(b)], 
both  effects  are  amplified  relative  to  case  1.  Recent 
evidence^*’*^  suggests  that  the  decrease  in  the  Reynolds 
stresses  in  the  outer  part  of  the  shear  layer  is  primarily  a 
result  of  the  bulk  dilatation  associated  with  the  flow  through 
the  rapid  expansion,  which  becomes  more  severe  as  expan¬ 
sion  strength  increases.  The  stabilizing  streamline  curvature 
associated  with  the  expansion  has  also  been  shown^^*^^  to 
cause  a  decrease  in  the  Reynolds  stresses.  The  increase  in 
turbulence  activity  at  the  inner  edge  of  the  shear  layer  is 
most  likely  a  result  of  significant  mass  entrainment  from  the 
low-speed  recirculation  region  by  large-scale  eddies,  the  ef¬ 
fect  of  which  is  initially  limited  to  a  very  narrow  portion  of 
the  shear  layer.  The  location  of  the  sharp  peak  in  the  profiles 
immediately  downstream  of  separation  coincides  approxi¬ 
mately  with  the  location  of  the  peak  mean  velocity  gradient 
(see  Fig.  2).  Note  also  that  the  majority  of  the  streamwise 
evolution  downstream  of  separation  occurs  within  the 
sharply-peaked  region  of  the  profile  with  the  remaining  por¬ 
tion  of  the  expanded  boundary  layer  merely  convecting 
downstream  relatively  unchanged  from  its  initial  profile  (the 
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FIG.  3.  Strcamwise  Reynolds  normal  stress  profiles  near  separation, 
(a)  case  1,  (b)  case  2. 

turbulence  field  is  essentially  “frozen”).  The  data  shown  in 
Fig.  3  can  be  contrasted  with  the  rapidly  expanded  boundary 
layer  data  presented  by  Dussauge  and  Gaviglio,^^and  also  to 
similar  data  obtained  by  Smith  and  Smits/^  both  of  which 
show  decreases  in  the  longitudinal  Reynolds  normal  stress 
across  the  entire  boundary  layer  profile  through  the  rapid 
expansion.  Of  course,  it  is  important  to  recognize  the  differ¬ 
ent  post-expansion  boundary  conditions  in  the  present  case 
(compliant  boundary  at  the  inner  edge  of  the  shear  layer) 
relative  to  the  rapid  expansion  of  a  turbulent  boundary  layer 
that  remains  attached  to  a  solid  wall.  In  fact,  even  the  weakly 
expanded  boundary  layer  shown  in  Fig.  3(a)  produces  a  sub¬ 
stantial  increase  in  cr^lU\  relative  to  the  approaching  solid 
wall  boundary  layer. 

The  effect  of  the  rapid  expansion  on  the  transverse  Rey¬ 
nolds  normal  stress,  cr'/f/j,  is  shown  in  Fig.  4.  Relative  to 
the  striking  changes  through  the  rapid  expansion  of  the 
streamwise  normal  stress  profiles  shown  in  Fig.  3,  the  trans¬ 
verse  normal  stress  is  only  moderately  affected  by  the  expan¬ 
sion.  Although  a  peak  does  appear  in  the  profiles  immedi¬ 
ately  downstream  of  separation,  the  magnitude  is  relatively 
unchanged  from  the  peak  value  upstream  of  separation  for 
both  case  1  and  case  2,  This  suggests  that  the  time  scale 
associated  with  the  rapid  expansion  is  small  enough,  such 
that  significant  turbulence  reorganization  (component  redis¬ 
tribution  from  streamwise  to  transverse)  does  not  occur  for 
some  distance  downstream.  Hence,  the  peak  transverse  nor¬ 
mal  stress,  which  depends  intimately  on  the  pressure-strain 


FIG.  4.  Transverse  Reynolds  normal  stress  profiles  near  separation, 
(cTy/C/j)^:  (a)  case  1,  (b)  case  Z 

and  turbulent  diffusion  reorganization  mechanisms,  is  not 
immediately  affected  by  the  expansion.  In  the  middle  of  the 
shear  layer,  the  bulk  dilatation  associated  with  the  rapid  ex¬ 
pansion  again  causes  a  decrease  in  the  transverse  normal 
stress  when  compared  to  similar  regions  in  the  approach 
boundary  layer.  By  comparing  the  relative  scales  used  to  plot 
the  turbulence  data  in  Figs.  3  and  4,  it  is  obvious  that  the 
streamwise  Reynolds  normal  stress  far  exceeds  the  trans¬ 
verse  component  in  the  peak  turbulence  region  of  the  shear 
layer  immediately  downstream  of  separation.  This  point  is 
shown  more  clearly  in  Fig.  5,  where  the  normal  stress  anisot¬ 
ropy  (o-^/cr^)  profiles  near  the  separation  point  are  shown.  As 
for  the  peak  streamwise  normal  stress,  the  peak  normal  stress 
anisotropy  is  approximately  a  factor  of  2  larger  for  case  2 
than  for  the  weakly  expanded  shear  layer  of  case  1.  This 
distortion  in  the  normal  stress  anisotropy  downstream  of  the 
rapid  expansion  shows  clearly  the  nonequilibrium  nature  of 
the  post-expansion  turbulence  field  and  its  strong  depen¬ 
dence  or  the  strength  of  the  expansion.  Disregarding  the 
strong  peak  in  the  anisotropy  profiles  near  the  inner  edge  of 
the  shear  layer,  it  appears  that  the  rapid  expansion  has  little 
effect  on  the  anisotropy  profile  across  the  remainder  of  the 
shear  layer  when  compared  to  the  approach  boundary  layer. 
This  suggests  that  turbulence  attenuation  in  each  component, 
and  not  turbulence  reorganization  between  the  components, 
occurs  across  the  majority  of  the  expansion.  This  result  is 
consistent  with  the  calculations  of  Smith  and  Smits,^^  who 
predicted  little  change  in  the  normal  stress  anisotropy  ratio  of 
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FIG.  5.  Normal  stress  anisotropy  profiles  near  separation,  ({Ty/cTy)^:  (a)  case  FIG.  6.  Primary  Reynolds  shear  stress  profiles  near  separation, 
1,  (b)  case  2.  -{u'v')IU\\  (a)  case  1,  (b)  case  2. 


a  rapidly  expanded  boundary  layer  using  RDAs. 

Profiles  of  the  primary  Reynolds  shear  stress, 
-(w'i;')/{7j,  near  the  separation  point  are  plotted  in  Fig.  6 
for  both  cases.  The  effect  of  the  rapid  expansion  is  shown  to 
be  similar  to  that  shown  in  Fig.  3  for  the  streamwise  normal 
stress,  namely,  a  reduction  in  the  stress  level  over  the  major¬ 
ity  of  the  shear  layer  width  (primarily  a  bulk  dilatation  ef¬ 
fect)  with  a  sharp  peak  at  the  inner  edge,  where  the  separat¬ 
ing  boundary  layer  interfaces  with  the  low-speed 
recirculating  fluid  behind  the  base.  It  is  reasonable  to  expect 
large  shear  stress  magnitudes  at  the  inner  edge  of  the  shear 
layer,  as  large-scale  organized  motions  are  the  primary 
source  of  mass  entrainment  from  the  low-speed  fluid  behind 
the  base.  As  mentioned  above,  the  compliant  boundary  at  the 
inner  edge  of  the  shear  layer,  which  does  not  restrict  the 
motion  of  these  large-scale  eddies,  results  in  significant  in¬ 
creases  in  the  magnitudes  of  the  Reynolds  stresses  when 
compared  to  rapidly  expanded,  supersonic  boundary  layers 
along  a  solid  wall.”’^^  When  compared  to  the  streamwise 
normal  stress  profiles  in  Fig.  3,  the  shear  stress  appears  to  be 
more  strongly  affected  by  the  expansion,  as  evidenced  by  the 
complete  absence  of  any  shear  stress  across  the  majority  of 
the  profile.  In  fact,  the  turbulence  structure  parameter, 
{u*v')lk,  was  found  to  decrease  across  the  majority  of 
the  shear  layer  with  increasing  expansion  strength.  The  de¬ 
struction  of  the  shear  stress  through  the  expansion  in  the 
outer  part  of  the  expanded  boundary  layer  implies  negligible 
turbulence  production  in  the  outer  part  of  the  initial  shear 
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layer,  which,  as  mentioned  previously,  results  in  a  “frozen” 
turbulence  field  that  changes  very  little  with  downstream  dis¬ 
tance.  Of  course,  in  the  region  of  the  strong  shear  stress  peak, 
a  totally  different  picture  of  the  flow  is  found.  Large-scale 
structures,  which  contribute  significantly  to  the  Reynolds 
shear  stress,  actively  entrain  low-speed  fluid  at  the  inner  edge 
of  the  shear  layer,  with  this  interaction  being  augmented  by 
the  rapid  expansion.  The  peak  shear  stress  occurs  approxi¬ 
mately  at  the  same  location  as  the  peak  mean  velocity  gra¬ 
dient,  which,  immediately  downstream  of  separation,  is  quite 
large;  hence,  the  primary  production  term  for  turbulent  ki¬ 
netic  energy,  {u*v^)dUldy,  also  reaches  a  strong  peak  at  this 
point.  The  normal  and  shear  stress  profiles  broaden  rapidly 
with  downstream  distance  as  the  turbulence  energy  is  trans¬ 
ferred  from  the  streamwise  component  (primary  extractor  of 
turbulence  energy  from  the  mean  flow)  to  the  transverse  and 
tangential  components  through  pressure-strain  and  turbulent 
diffusion  processes. 

3.  Quadrant  decomposition  analysis 

In  order  to  provide  a  more  detailed  description  of  the 
structure  of  the  Reynolds  stress  field  immediately  down¬ 
stream  of  separation,  the  individual  LDV  velocity  realiza¬ 
tions  for  both  cases  were  analyzed  using  the  quadrant  de¬ 
composition  technique,^"^^  The  instantaneous  velocity 
fluctuations  (m',  v')  were  determined  for  the  entire  en¬ 
semble  of  LDV  data  at  a  given  spatial  location  and  then 
plotted  against  each  other,  as  shown  in  Fig.  7.  For  all  cases 
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FIG.  7.  Shear  stress  quadrant  decomposition  near  separation:  (a)  approach 
boundar>'  layer  case  1;  (b)  downstream  of  separation  case  1;  (c)  downstream 
of  separation  case  2. 


shown,  the  velocity  fluctuations  are  nondimensionalized  by 
the  local  streamwise  root-mean-square  velocity  fluctuation, 
cr„.  In  this  manner,  the  decomposition  provides  a  compari¬ 
son  of  the  typical  turbulence  structure  upstream  of  separation 


[Fig.  7(a),  case  1  shown,  although  case  2  results  are  similar] 
to  that  immediately  downstream  of  separation  for  case  1 
[Fig.  7(b)]  and  case  2  [Fig.  7(c)].  The  data  ensembles  shown 
in  Fig.  7  correspond  with  the  peak  shear  stress  location  in 
each  case,  with  the  actual  (jc,r)  position  of  the  data  given  at 
the  upper  right  of  each  figure,  along  with  the  ensemble- 
averaged  shear  stress  value.  Notice  that,  in  general,  the  dis¬ 
tribution  of  the  turbulence  energy  (i.e.,  turbulence  structure) 
at  the  peak  shear  stress  locations  changes  significantly  from 
the  attached  boundary  layer  to  the  separated  shear  layer.  The 
quadrant  decomposition  in  the  boundary  layer  [Fig.  7(a)]  dis¬ 
plays  a  wide  array  of  velocity  fluctuations  with  no  strong 
preferential  orientation.  This  is  in  sharp  contrast  to  the  ve¬ 
locity  fluctuations  shown  in  Figs.  7(b)  and  7(c)  immediately 
downstream  of  separation  for  case  1  and  case  2,  respectively. 
In  the  separated  shear  layers,  the  velocity  fluctuations  tend  to 
become  more  organized  and  strongly  aligned  along  a  prefer¬ 
ential  stress  direction.  Since  coherent,  large-scale  turbulent 
structures  are  the  most  significant  contributor  to  the  Rey¬ 
nolds  shear  stress,  it  follows  from  Fig.  7  that  the  structures  in 
the  initial  shear  layer  are  more  organized  than  those  present 
in  the  approach  boundary  layer  (this  is  consistent  with  the 
large  increase  in  the  peak  shear  stress  magnitude  through  the 
expansion  shown  in  Fig.  6).  This  result  is  in  agreement  with 
Petullo  and  Dolling,^  who  used  a  dual  hot-wire  probe  to 
show  that  the  large-scale  structures  in  compressible  fi-ee 
shear  layers  are  generally  more  organized  than  those  in  tur¬ 
bulent  boundary  layers.  Dawson  and  Samimy®  and  Amette 
et  al}°  both  found  that  rapid  expansions  also  caused  an  in- 
CTease  in  the  organization  of  the  large-scale  structures  for 
attached  boundary  layers.  It  appears  that  the  strength  of  the 
rapid  expansion  (compare  cases  1  and  2)  may  cause  a  slight 
increase  in  the  organization  of  the  shear  stress,  but  the 
boundary  layer  separation  process  alone  (not  necessarily  the 
expansion  strength)  appears  to  be  a  more  dominant  factor  in 
the  organization  of  the  shear  stress  in  the  present  case. 

The  orientation  of  the  shear  stress  field  was  investigated 
further  in  the  present  study  by  computing  the  instantaneous 
shear  angle  {>}/  =  tan  ^  v'lu')  for  each  velocity  realization 
and  then  sorting  the  entire  ensemble  of  angles  into  histogram 
form.  In  this  manner,  velocity  fluctuations  that  occur  in  the 
first  and  third  quadrants  will  have  ip>0,  while  quadrants  two 
and  four  will  contain  fluctuations  with  >p<0.  Note  that  ^^0 
corresponds  to  a  velocity  fluctuation  along  the  u'  axis  (i.e.,  a 
purely  streamwise  fluctuation).  The  histograms  generated  for 
the  data  shown  in  Fig.  7  are  presented  in  Fig.  8.  As  discussed 
above  in  relation  to  the  quadrant  decomposition,  the  ap¬ 
proach  boundary  layer  velocity  fluctuations  [Fig.  8(a)]  occur 
over  the  entire  range  of  possible  shear  angles,  with  no 
strongly  dominant  shear  stress  orientation.  It  is  apparent 
from  Fig.  8(a),  however,  that  realizations  in  quadrants  2  and 
4  (tKO)  occur  somewhat  more  frequently  than  in  the  other 
quadrants,  which  is  consistent  with  the  results  of  Willmarth 
and  Lu^®  and  Alving  et  al.^^  for  turbulent  boundary  layers  in 
subsonic  flow.  Downstream  of  boundary  layer  separation,  the 
distribution  of  instantaneous  shear  angles  takes  quite  a  dif¬ 
ferent  character,  as  shown  in  Figs.  8(b)  and  8(c)  for  cases  1 
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FIG.  8.  Histograms  of  instantaneous  shear  angle:  (a)  approach  boundary 
layer  case  1;  (b)  downstream  of  separation  case  1;  (c)  downstream  of  sepa¬ 
ration  case  2  (same  spatial  locations  as  Fig.  7). 


and  2,  respectively.  For  the  weakly  expanded  case  shown  in 
Fig.  8(b),  the  shear  stress  is  strongly  oriented  around  an 
angle  of  approximately  --12®  from  the  mean  flow  direction, 
with  a  percentage  of  occurrences  that  is  much  larger  than  that 
in  the  approach  boundary  layer.  This  shows  quantitatively 
the  increase  in  organization  of  the  turbulent  structures  in  the 
separated  shear  layers.  As  the  rapid  expansion  becomes 
stronger  [Fig.  8(c)],  the  magnitude  of  the  preferential  shear 
stress  angle  becomes  slightly  larger  (approximately  —16®), 
although  the  general  shape  of  the  distribution  is  relatively 
unchanged  from  the  weakly  expanded  case.  The  small  in¬ 


crease  in  the  dominant  shear  angle  magnitude  with  increas¬ 
ing  expansion  strength  may  be  the  result  of  an  increase  in  the 
large-scale  structure  angle  relative  to  the  mean  flow  field. 
Although  the  present  data  are  somewhat  inconclusive  on  this 
point,  Arnette  et  provide  some  evidence  to  support  this 
fact  in  rapidly  expanded,  attached,  supersonic  boundary  lay¬ 
ers. 

The  histograms  of  instantaneous  shear  angle  shown  in 
Fig.  8  are  effective  in  identifying  the  dominant  shear  direc¬ 
tion  relative  to  the  mean  flow  field,  but  yield  no  information 
as  to  the  magnitude  of  the  dominant  velocity  fluctuations.  To 
circumvent  this  problem,  the  conditional  quadrant  detection 
technique  of  Willmarth  and  Lu^^  was  applied  to  the  data 
shown  in  Figs.  7  and  8.  In  this  method,  the  instantaneous 
velocity  fluctuations  are  conditionally  sorted  into  one  of  five 
bins  using  the  following  algorithm:  if  |w'i;'|>//|(w'i;')|, 
then  the  individual  realization  is  placed  in  its  respective 
quadrant  (e.g.,  when  w'>0  and  u'<0,  u*v^  is  placed  in 
quadrant  4,  which  is  denoted  Q4  in  the  following  discus¬ 
sion),  but  if  the  realization  is  placed  into 

the  fifth  category,  which  is  denoted  the  hole.  After  sorting  the 
realizations,  the  five  bins  are  individually  averaged  to  show 
the  quadrants  in  which  large  shear  stress  fluctuations  exist. 
The  hole  size  (H)  is  essentially  a  lower  threshold  for  the 
sorting  process  and  is  altered  parametrically.  The  conditional 
quadrant  averages  as  a  percentage  of  the  total,  ensemble- 
averaged  shear  stress  ((u'u'))  are  shown  as  a  function  of  the 
hole  size  (H)  in  Fig.  9  for  the  same  data  sets  shown  in  Figs. 
7  and  8.  The  quadrant  average  was  computed  by  the 

following  equation: 


{u'v')„  = 


^.0.  ’ 


(1) 


where  (u'i;')„  is  an  individual  realization  in  quadrant  n  and 
is  the  number  of  realizations  in  the  entire  data  set  (in  this 
manner,  the  sum  of  the  quadrant  and  hole  averages  is  always 
equal  to  the  total  ensemble-averaged  shear  stress,  {u^v').  In 
the  boundary  layer  approaching  separation  [Fig.  9(a)],  the 
dominant  velocity  fluctuations  are  shown  to  occur  in  Q2 
(u'<0  and  i;'>0)  and  Q4  (w'>0  and  i;'<0),  which,  as 
discussed  by  Wallace  et  al^  corresponds  to  fluid  ejections 
and  sweeps,  respectively.  A\  H  —  10,  the  majority  of  the 
shear  stress  contribution  comes  from  large  fluctuations  in  Q2 
(i.e.,  fluid  ejections  from  the  wall  are  large  and  contribute 
significantly  to  the  total  shear  stress).  These  results  are  simi¬ 
lar  to  those  of  Alving  et  obtained  in  an  incompressible 
turbulent  boundary  layer.  Downstream  of  boundary  layer 
separation  [Figs.  9(b)  and  9(c)],  the  dominance  of  the  Q2  and 
Q4  fluctuations  becomes  very  apparent,  as  the  Q1  and  Q3 
contributions  to  (u'u')  have  very  small  magnitudes  for  all 
values  of  the  hole  size  (//).  As  discussed  previously,  the 
organization  of  the  large-scale  structures  is  enhanced  in  the 
shear  layer  after  separation  as  compared  to  the  approach 
boundary  layer;  hence,  it  is  not  surprising  that  the  dominant 
fluctuations  in  the  boundary  layer  (Q2  and  Q4)  become  more 
pronounced  in  the  shear  layer.  The  effect  of  the  strength  of 
the  rapid  expansion  on  the  shear  stress  quadrant  contribu¬ 
tions  appears  to  be  rather  small,  as  shown  by  the  similar 
distributions  of  Figs.  9(b)  and  9(c). 


166  Phys.  Fluids,  Vol.  7,  No.  1,  January  1995 


J.  L  Herrin  and  J.  C.  Dutton 


0 

Ql 

□ 

Q2 

0 

Q3 

+ 

Q4 

4 

bole 

FIG.  9.  Quadrant  contributions  to  ensemble-averaged  shear  stress:  (a)  ap¬ 
proach  boundary  layer  case  1;  (b)  downstream  of  separation  case  1;  (c) 
downstream  of  separation  case  2  (same  spatial  locations  as  Fig.  7). 


B.  Shear  layer  approach  to  self-similarity 

In  the  previous  section,  the  shear  layer  characteristics 
immediately  downstream  of  separation  were  compared.  The 
strength  of  the  expansion  was  shown  to  have  a  significant 
effect  on  the  turbulence  structure  at  the  inner  edge  of  the 
shear  layer.  In  general,  large-scale  turbulent  motions  become 
more  organized  than  those  present  in  the  approach  boundary 
layer,  with  a  Reynolds  stress  distribution  that  is  strongly 
aligned  in  a  preferential  direction  —  to  In  the 

current  section,  the  effects  of  the  rapid  expansion  are  traced 
farther  downstream  into  the  region  where  the  shear  layer 
approaches  similarity.  As  will  be  shown,  many  of  the  same 
features  that  were  prominent  in  the  shear  layer  immediately 
downstream  of  separation  persist  far  downstream  into  the  far 
field  region. 

1.  Mean  velocity  . 

As  mentioned  earlier,  several  authors  have  suggested 
that  the  shear  layer  initial  conditions  (i.e.,  conditions  at 
boundary  layer  separation)  can  have  a  significant  effect  on 


FIG.  10.  Mean  streamwise  velocity  profiles  in  similarity  coordinates:  open 
symbols,  case  1;  filled  symbols,  case  2. 


the  mean  and  turbulence  properties  in  the  fully  developed 
state.  Figure  10  is  a  comparison  of  the  mean  streamwise 
velocity  profiles  between  case  1  and  case  2,  where  the  data 
are  plotted  in  simUarity  coordinates  typical  of  two-stream 
shear  layers  {b  is  the  10%“90%  velocity  thickness,  r^id  is 
the  physical  center  of  the  shear  layer,  U2  is  the  mean  veloc¬ 
ity  at  the  inner  edge  of  the  shear  layer,  and  At/  is  the  mean 
velocity  difference).  Note  that  both  case  1  (open  symbols) 
and  case  2  (closed  symbols)  data  are  shown  at  two  axial 
locations  each,  both  of  which  are  relatively  far  downstream 
of  separation  (in  terms  of  the  momentum  thickness  of  the 
approach  boundary  layer,  61  y  mean  velocity  data  are  shown 
at  x/di^lOO  and  200).  The  mean  streamwise  velocity  pro¬ 
files  across  the  shear  layer  collapse  reasonably  well,  suggest¬ 
ing  that  the  dimensionless  mean  velocity  field  has  become 
independent  of  streamwise  distance  from  the  separation 
point.  In  addition,  the  good  comparison  between  case  1  and 
case  2  shown  in  Fig.  10  suggests  that  the  relatively  strong 
expansion  of  case  2,  which  distorted  the  initial  shear  layer 
mean  velocity  profile  [Fig.  2(b)],  has  little  effect  on  the  mean 
velocity  profile  far  downstream.  This  result  is  consistent  with 
several  previous  investigations  (e.g.,  Ref.  8),  which  found 
the  mean  velocity  profiles  to  be  fairly  insensitive  to  any  type 
of  wind  tunnel  disturbance  (i.e.,  recovery  of  the  mean  veloc¬ 
ity  field  downstream  of  a  disturbance  is  fairly  rapid).  All 
profiles  shown  exhibit  a  relatively  sharp  comer  at  the  outer 
edge  and  a  more  rounded  appearance  at  the  inner  edge,  both 
of  which  are  characteristic  of  fully  developed  compressible 
free  shear  layers.'^  Although  mean  velocity  profiles  are 
shown  at  only  two  axial  stations  for  each  case,  several  more 
data  traverses  were  obtained,  and,  when  plotted  together,  in¬ 
dicate  that  the  mean  velocity  profiles  collapse  beyond 
x/^i^lOO.  In  their  studies  of  compressible  shear  layers  gen¬ 
erated  by  a  constant  pressure  separation,  Samimy  et  al}^  and 
Petrie  et  al}^  observed  a  reasonable  collapse  of  their  mean 
velocity  profiles  after  xldx^lW  and  250,  respectively.  The 
discrepancy  between  these  results  and  the  current  data  is 
most  likely  due  to  the  choice  of  similarity  variables,  which, 
for  the  previous  investigations,^^*^^  neglected  the  recirculat¬ 
ing  flow  at  the  inner  edge  of  the  shear  layer  (t/o^O  using  the 
nomenclature  in  Fig.  10). 
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FIG.  11.  Shear  layer  velocity  thickness  comparison. 

To  further  compare  the  mean  growth  characteristics  of 
the  shear  layers,  the  velocity  thickness,  b,  is  plotted  against 
axial  distance  in  Fig.  11.  The  shear  layer  velocity  thickness 
distributions  shown  in  Fig.  11  each  seem  to  contain  two  dis¬ 
tinct  regions:  a  region  of  rapid  linear  growth  almost  imme¬ 
diately  downstream  of  separation  as  the  shear  layer  begins 
development,  and  a  region  of  slower  linear  growth  after  the 
shear  layer  mean  velocity  field  becomes  independent  of  the 
streamwise  location.  The  rapid  initial  growth  is  undoubtedly 
a  result  of  the  large  mass  entrainment  at  the  inner  edge  of  the 
shear  layer  immediately  downstream  of  separation,  and 
clearly  shows  the  importance  of  the  initial  shear  layer  devel¬ 
opment  region  on  the  overall  shear  layer  growth.  The  fact 
that  a  compressible  shear  layer  grows  linearly  almost  imme¬ 
diately  after  separation  may  be  a  cause  for  the  relatively 
large  discrepancies  in  the  shear  layer  growth  rates  reported  in 
the  literature,^  In  the  present  experiments,  the  growth  rate 
(dbldx)  of  the  shear  layer  after  the  mean  velocity  profiles 
have  collapsed  {x/Rq>1,3  for  case  1  and  x/Rq>0,9  for  case 
2)  was  estimated  to  be  0.032  and  0.090  for  case  1  and  case  2, 
respectively.  The  large  increase  in  growth  rate  for  case  2  is  a 
result  of  the  increased  strength  of  the  turbulent  eddies  in  the 
shear  layer,  as  evidenced  by  increased  peak  Reynolds 
stresses  for  case  2  (to  be  discussed  in  detail  below).  The 
growth  rate  for  case  2  compares  favorably  with  the  result  of 
Samimy  et  {dbldx  =  0.093),  which  was  measured  in  a 
shear  layer  at  nearly  the  same  conditions  as  the  present  ex¬ 
periment. 

2.  Reynolds  stresses 

In  addition  to  spatially  independent  mean  velocity  pro¬ 
files,  turbulence  data  must  also  collapse  into  a  self-similar 
form  in  order  for  the  shear  layer  to  be  labeled  fully  devel¬ 
oped.  Figure  12  shows  the  streamwise  Reynolds  normal 
stress  profiles  far  downstream  of  the  base  comer  for  case  2. 
In  this  figure,  the  normal  stress  is  nondimensionalized  by  the 
square  of  the  velocity  difference  across  the  shear  layer  (AI7), 
which  changes  only  slightly  with  axial  distance.  Contrary  to 
the  mean  velocity  profiles  of  Fig.  10,  the  streamwise  normal 
stress  profiles  do  not  collapse  within  the  current  measure¬ 
ment  domain.  The  similar  peak  values  shown  for  the  last  two 


FIG.  12.  Streamwise  Reynolds  normal  stress  profiles  in  similarity  coordi¬ 
nates  for  case  2. 


profiles  {x/Rq  =  1.57  and  1.89). indicate  that  the  shear  layer 
is  nearing  self-similarity,  although  a  longer  development  dis¬ 
tance  is  needed  for  full  development.  Several  authors  (e.g., 
Refs.  2  and  3)  have  also  found  that  turbulence  properties 
develop  more  slowly  than  the  shear  layer  mean  velocity  dis¬ 
tribution.  Profiles  of  the  streamwise  Reynolds  normal  stress 
for  case  1  were  very  similar  in  shape  to  those  shown  in  Fig. 
12,  but  the  peak  values  at  the  far  downstream  axial  stations 
were  reduced  by  approximately  10%.  The  transverse  Rey¬ 
nolds  normal  stress  and  the  primary  Reynolds 

shear  stress  «w'i;')/Af/^)  profiles  for  each  case  exhibited 
even  slower  development  than  the  streamwise  normal  stress, 
with  no  apparent  self-similar  distributions  at  the  last  mea¬ 
surement  station.  In  addition,  peak  values  at  the  last  mea¬ 
surement  station  were  again  higher  for  case  2  (20%  for  the 
transverse  normal  stress  and  11%  for  the  primary  shear 
stress)  when  compared  to  case  1.  It  is  apparent  from  these 
data  that  information  on  the  turbulence  property  develop¬ 
ment  is  essential  when  establishing  the  fully  developed  state 
of  compressible  shear  layers.  Also,  the  far  field  effect  of 
increasing  expansion  strength  at  the  shear  layer  origin  is  to 
increase  the  strength  of  the  turbulent  eddies,  and,  therefore^ 
the  overall  turbulence  levels  in  the  shear  layer;  this,  in  turn, 
implies  larger  shear  layer  growth  rates  (see  Fig.  11).  Obvi¬ 
ously,  the  elevated  initial  streamwise  normal  stress  and  shear 
stress  levels  along  with  larger  initial  turbulence  production 
rates  in  case  2  combine  to  enhance  the  far  field  Reynolds 
stress  magnitudes  relative  to  case  1. 

Immediately  downstream  of  separation,  the  strength  of 
the  rapid  expansion  was  shown  to  have  a  significant  impact 
on  the  relative  distribution  of  the  Reynolds  normal  stresses 
(Fig.  5)  at  the  inner  edge  of  the  shear  layer;  the  peak  normal 
stress  anisotropy  ratio  (d^/erj)  for  case  2  was  approximately 
a  factor  of  2  larger  than  that  for  case  1.  To  investigate  the 
persistence  of  this  disturbance  in  the  far  field,  a  comparison 
of  the  normal  stress  anisotropy  profiles  at  the  last  measure¬ 
ment  station  of  the  present  data  is  shown  in  Fig.  13.  In  ad¬ 
dition  to  having  reduced  peak  values  from  those  immediately 
downstream  of  separation,  both  profiles  appear  similar  in 
shape,  although  the  peak  magnitudes  are  slightly  larger  for 
the  case  1  data.  The  decrease  in  the  peak  anisotropy  ratio 
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FIG.  13.  Reynolds  normal  stress  anisotropy  comparison  at  xIRq^I, 

from  that  immediately  downstream  of  separation  results  from 
the  continued  redistribution  of  turbulent  energy  from  the 
streamwise  component  to  the  transverse  and  tangential  com¬ 
ponents  via  turbulent  diffusion  and  pressure-strain  mecha¬ 
nisms.  The  shear  stress  correlation  coefficient, 
(w'i;')/(o-yO’y),  was  also  similar  between  the  two  cases  in 
the  farfield,  although  immediately  downstream  of  separation, 
the  profiles  for  the  stronger  expansion  case  (case  2)  are  gen¬ 
erally  reduced  from  those  in  case  1.  Hence,  it  appears  that 
the  far  field  structure  of  the  shear  layer  turbulence  field  (i.e., 
distribution  of  turbulence  energy  between  the  Reynolds 
stress  components)  is  relatively  unaffected  by  the  strength  of 
the  rapid  expansion,  although  the  absolute  magnitudes  of  the 
individual  Reynolds  stress  components  increase  with  in¬ 
creasing  expansion  strength;  results  obtained  from  the  quad¬ 
rant  decomposition  technique  applied  to  the  far  field  data 
support  this  claim. 

The  rapid  expansion  was  shown  to  strongly  affect  the 
streamwise  normal  stress  immediately  downstream  of  sepa¬ 
ration  (Fig.  3),  but  to  have  little  effect  on  the  transverse 
component  (Fig.  4).  In  Fig.  14,  the  peak  streamwise  and 
transverse  normal  stresses  for  each  case  are  compared  at 
various  axial  positions  along  the  shear  layer  axis.  The  peak 
streamwise  normal  stress  distributions  for  the  two  cases  [Fig. 
14(a)]  are  very  similar  in  shape,  with  a  peak  immediately 
downstream  of  boundary  layer  separation  followed  by  a  re¬ 
laxation  to  a  local  minimum,  and  then  sustained  growth  to 
the  end  of  the  measurement  domain.  However,  the  magni¬ 
tudes  for  case  2  are  everywhere  larger  than  those  for  case  1, 
especially  immediately  downstream  of  separation,  where  the 
effects  of  the  rapid  expansion  are  largest.  This  again  supports 
the  prior  conclusion  that  the  rapid  expansion  at  the  shear 
layer  origin  enhances  the  strength  of  the  turbulent  structures 
in  the  shear  layer  well  downstream.  The  short  relaxation  re¬ 
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FIG.  14.  Comparison  of  peak  Reynolds  normal  stress  distributions:  (a) 
streamwise  component;  (b)  transverse  component. 


The  peak  transverse  Reynolds  normal  stress  distributions 
shown  in  Fig.  14(b)  exhibit  relatively  small  magnitudes 
shortly  downstream  of  separation  that  increase  with  down¬ 
stream  distance  over  the  majority  of  the  measurement  do¬ 
main.  As  in  the  streamwise  component,  the  transverse  nor¬ 
mal  stress  far  downstream  of  the  shear  layer  origin  is  greater 
for  case  2  than  for  case  1.  The  redistribution  of  turbulent 
energy  from  the  streamwise  component  to  the  transverse  and 
tangential  components  via  the  pressure-strain  and  turbulent 
diffusion  processes  is  primarily  responsible  for  the  increas¬ 
ing  transverse  normal  stress  shown  in  Fig.  14(b)  (transverse 
normal  stress  production  is  small  everywhere).  Since  the 
shear  layer  in  case  2  has  higher  streamwise  normal  stress 
levels  throughout  its  development  than  case  1,  it  is  reason¬ 
able  that  the  transverse  normal  stress  far  downstream  should 
be  larger  for  case  2.  Notice  that  the  difference  between  the 
two  cases  becomes  greater  with  downstream  distance  due  to 
the  enhanced  redistribution  of  turbulent  energy  into  the  trans¬ 
verse  component  for  case  2. 


gion  downstream  of  separation  is  similar  to  that  observed  by 
Gaviglio  et  al?^  in  their  hot-wire  study  of  supersonic  base 
flows.  This  lag  between  the  location  of  peak  turbulence  pro¬ 
duction  (immediately  downstream  of  separation)  and  the 
start  of  increasing  streamwise  normal  stress  levels,  is  similar 
to  that  found  by  Castro  and  Bradshaw^^  in  a  low-speed  mix¬ 
ing  layer,  and  appears  to  be  a  function  of  the  expansion 
strength  [Fig.  14(a)]. 


IV.  SUMMARY  AND  CONCLUSIONS 

An  experimental  investigation  of  the  effects  of  a  rapid 
expansion  on  the  development  of  compressible  free  shear 
layers  has  been  presented.  Two  highly  compressible  shear 
layers  (Af  ^«=^1.3)  originating  from  rapid  expansions  of  differ¬ 
ent  strengths  have  been  compared,  and  from  these  data,  the 
following  conclusions  can  be  drawn: 
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(1)  The  rapid  expansion  distorts  the  initial  mean  velocity 
profile  of  the  shear  layer  in  a  manner  similar  to  rapidly  ex¬ 
panded,  attached,  supersonic  boundary  layers.  Namely,  a 
“kink”  in  the  mean  velocity  profile  or  discontinuity  in  the 
mean  velocity  gradient  is  generated,  which  appears  to  mark 
the  interface  between  two  distinct  regions  in  the  initial  shear 
layer:  an  inner  region  with  significant  turbulence  activity  and 
large  mean  strain  rates,  and  an  outer  region  where  mean 
turbulence  production  has  been  destroyed  and  subsequent 
streamwise  development  is  negligible.  Transition  from  the 
distorted  initial  mean  velocity  profile  to  a  typical  error 
function-type  shear  layer  profile  occurs  very  rapidly  as  tur¬ 
bulent  diffusion  processes  dominate. 

(2)  The  turbulence  field  immediately  downstream  of 
separation  is  altered  in  magnitude  and  structure  by  the  rapid 
expansion.  Over  the  majority  of  the  shear  layer  width,  turbu¬ 
lence  activity  is  reduced  from  the  levels  in  the  approach 
boundary  layer  due  to  bulk  dilatation  and  streamline  curva¬ 
ture  effects;  however,  at  the  interface  of  the  shear  layer  and 
the  recirculating  fluid  at  the  inside  edge,  large  streamwise 
normal  stresses  and  shear  stresses  are  present,  which  are 
magnified  substantially  by  the  rapid  expansion.  This  may  be 
due  to  an  enhancement  of  the  energy-containing,  large-scale 
turbulent  structures  through  the  rapid  expansion,  which  en¬ 
train  low-speed  fluid  along  the  inside  edge  of  the  shear  layer. 
The  peak  transverse  Reynolds  normal  stress,  on  the  other 
hand,  is  largely  unaffected  by  the  expansion  due  to  the  rela¬ 
tively  long  time  scale  associated  with  the  turbulent  energy 
redistribution  processes. 

(3)  Analysis  of  the  initial  Reynolds  stress  field  using  the 
quadrant  decomposition  technique  shows  an  increase  in  the 
shear  stress  organization  when  compared  to  the  approach 
boundary  layer,  although  the  effect  of  the  expansion  strength 
on  the  degree  of  organization  appears  small  over  the  range 
investigated  here.  At  the  peak  shear  stress  location  immedi¬ 
ately  downstream  of  separation,  turbulent  fluctuations  from 
quadrants  2  and  4  contribute  equally  to  the  shear  stress  while 
fluctuations  in  quadrants  1  and  3  are  negligible.  These  results 
are  consistent  with  the  engulfment  process  of  low-speed  fluid 
by  large  turbulent  eddies  at  the  inner  edge  of  the  shear  layer. 

(4)  Far  downstream  of  the  rapid  expansion  (x/0i>lOO), 
the  mean  velocity  profiles  collapse  reasonably  well  into  a 
common  form  that  is  apparently  unaffected  by  the  magnitude 
of  the  rapid  expansion.  The  turbulence  properties  develop 
more  slowly  than  the  mean  velocity  and  do  not  become  in¬ 
dependent  of  streamwise  distance  from  separation  within  the 
present  measurement  domain. 

(5)  The  strength  of  the  rapid  expansion  at  the  shear  layer 
origin  is  felt  far  downstream  as  an  increase  in  the  overall 
strength  of  the  energy-containing  turbulent  eddies.  At  the  last 
measurement  station  presented  herein,  the  peak  streamwise 
normal  stress,  transverse  normal  stress,  and  primary  shear 
stress  for  the  stronger  expansion  case  were  10%,  20%,  and 
11%  larger,  respectively,  than  the  peak  values  for  the  weakly 
expanded  case.  The  large  increase  in  the  transverse  normal 
stress  is  a  result  of  the  continued  elevation  of  the  streamwise 
normal  stress,  in  conjunction  with  the  redistribution  mecha¬ 
nisms  for  turbulent  energy  exchange  between  the  compo¬ 
nents.  A  similar  argument  holds  for  the  primary  shear  stress, 


which  gains  turbulent  energy  from  the  mean  flow  field  pri¬ 
marily  through  transverse  velocity  fluctuations. 

(6)  Although  the  energy  of  the  turbulent  eddies  is  en¬ 
hanced  by  the  strength  of  a  rapid  expansion  at  its  origin  (as 
evidenced  by  increases  in  the  magnitudes  of  the  Reynolds 
normal  and  shear  stresses),  the  relative  distribution  of  the 
turbulence  energy  between  the  Reynolds  stress  components 
(i.e.,  turbulence  structure)  far  downstream  of  the  origin  is 
relatively  unaffected. 
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A  new  particle  image  velocimetry  system  has  been  used  to  study  the  near-wake  structure  of  a  two-dimensional 
base  in  subsonic  flow  to  determine  the  fluid  dynamic  mechanisms  of  observed  base  drag  reduction  in  the  presence 
of  a  base  cavity.  Experiments  were  done  over  a  range  of  freest  ream  Mach  numbers  up  to  0.8,  including  local 
flowfield  velocities  over  300  m/s.  Effects  of  the  base  cavity  on  the  von  Karman  vortex  street  wake  were  found  to 
be  related  to  the  expansion  and  diffusion  of  vortices  near  the  cavity,  although  the  effects  are  of  small  magnitude 
and  no  significant  change  in  the  vortex  formation  location  or  path  was  observed.  The  base  cavity  effects  are  also 
less  significant  at  higher  freestream  velocities  due  to  the  formation  of  vortices  further  downstream  from  the  base. 
The  base  cavity  drag  reduction  was  found  to  be  mainly  due  to  the  displacement  of  the  base  surface  to  a  location 
upstream  of  the  low-pressure  wake  vortices,  with  only  a  slight  modification  in  the  vortex  street  itself. 


Introduction 

HE  separated  flow  past  a  two-dimensional  body  at  subsonic 
speed  and  large  Reynolds  number  forms  a  wake  structure  made 
up  of  alternately  shed  vortices  known  as  the  von  Karman  vortex 
street.  This  commonly  occurring  structure  has  been  the  subject  of 
numerous  studies  beginning  with  von  Karman’s  first  theoretical 
analysis  of  vortex  streets.*  A  significant  feature  of  this  flowfield 
is  the  interaction  of  the  low-pressure  vortices  in  the  near  wake  with 
the  downstream  surface  or  base  of  the  body,  inducing  a  net  stream- 
wise  pressure  force  on  the  body  known  as  base  drag.  The  base  drag 
is  typically  a  significant  component  of  total  drag,  even  for  slender 
bodies  with  a  finite  thickness  base.  For  this  reason,  drag  reduction 
methods  based  on  the  modification  of  the  vortex  street  have  received 
much  attention. 

One  effective  drag  reduction  method  is  the  use  of  a  base  cavity, 
which  is  the  subject  of  this  study.  It  has  been  shown  experimentally 
that  the  presence  of  a  solid- walled  cavity  in  the  base  of  a  slender  two- 
dimensional  body  (see  Fig.  1)  increases  the  base  pressure,  resulting 
in  base  drag  reduction  of  up  to  30%.^“^  Other  effects  of  a  base 
cavity  that  have  been  experimentally  observed  include  an  increase 
in  vortex  shedding  frequency  or  Strouhal  number  as  compared  with 
a  blunt  base'^'^  and  limited  drag  improvement  for  a  cavity  depth 
beyond  approximately  half  the  base  height. 

The  mechanism  of  drag  reduction  due  to  base  cavities  is  as  yet 
unclear,  although  several  theories  have  been  proposed,  all  of  which 
imply  some  modification  of  vortex  formation  location  and  reduction 
in  vortex  strength.  The  earliest  published  base  cavity  experiments 
were  done  by  Nash  et  al,^  They  proposed  that,  although  a  vortex  or 
eddy  may  not  be  completely  trapped  by  the  cavity,  the  cavity  does 
have  a  stabilizing  effect  on  standing  eddies  near  the  base,  implying 
that  the  vortices  form  at  least  partially  within  the  cavity  where  they 
are  affected  by  the  cavity  walls.  Pollock^  performed  experiments 
based  on  theoretical  work  by  Ringleb^  who  suggested  that  a  stable 
vortex  may  be  trapped  in  a  cavity,  causing  the  wake  to  revert  to  a 
steady  flow.  Pollock  used  a  special  asymmetric  cusp-shaped  cavity 
that  showed  no  advantage  in  drag  reduction  over  a  rectangular  cavity. 
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in  effect  disproving  Ringleb’s  theory.  In  a  study  of  resonance  effects 
on  vortex  shedding,  Wood^  showed  that  resonance  of  the  base  at 
the  vortex  shedding  frequency  causes  vortex  formation  within  the 
cavity,  whereas  formation  normally  occurs  outside  the  cavity.  He 
concluded  that  the  drag  reduction  observed  for  base  cavities  must 
be  due  to  some  resonance  or  vibration  in  the  flowfield,  moving  the 
vortices  into  the  cavity  where  the  solid  walls  restrict  vortex  growth 
and  inhibit  the  strength  of  successive  vortices. 

A  study  of  axisymmetric  base  cavities  by  Compton®  suggested 
that  recirculation  within  the  cavity  forms  a  coflowing  stream  at  the 
cavity  edge  that  interacts  with  the  separated  freestream,  reducing 
the  vorticity  of  the  separated  shear  layer.  In  a  subsequent  study  of 
axisymmetric  base  cavities,  Morel^  suggested  that  the  coflowing 
stream  could  be  an  important  effect  in  two-dimensional  geometries 
as  well.  More  recently,  Kruiswyk  and  Dutton"*  used  a  combination 
of  pressure  measurements  and  flow  visualization  techniques  to  con¬ 
clude  that,  although  vortex  motion  does  not  extend  into  the  cavity, 
oscillating  airflow  at  the  cavity  boundary  increases  fluid  mixing  in 
the  near  wake,  thereby  reducing  vortex  strength.  Their  results  con¬ 
cerning  the  change  in  base  pressure  and  vortex  shedding  frequency 
due  to  a  base  cavity  are  shown  in  Table  1.  The  base  cavity  was  rect¬ 
angular  with  a  streamwise  depth  equal  to  half  the  base  height.  A 
base  cavity  with  a  depth  of  one  full  base  height  was  also  used,  but 
the  results  were  similar  to  those  of  the  half  base  height  cavity.  The 
results  in  Table  1  show  an  increase  of  10-14%  in  the  base  pressure 
coefficient,  which  is  nondimensionalized  by  reference  conditions  in 
the  flow  just  before  separation  near  the  downstream  edge  of  the  base. 
The  relative  increase  in  the  Strouhal  number  (vortex  shedding  fre¬ 
quency)  is  smaller,  although  still  significant.  Another  evident  feature 
is  that  both  effects  are  largest  at  the  lowest  freestream  Mach  number. 
The  experimental  conditions  used  in  the  present  study  match  those 
used  by  Kruiswyk  and  Dutton"*  to  facilitate  comparison  of  data. 

Two  notable  computational  simulations  of  two-dimensional  base 
cavity  flows  have  also  been  done.  Rudy'®  obtained  finite  difference 
Navier-Stokes  solutions  using  base  configurations  and  freestream 
Mach  numbers  of  0.4  and  0.6  that  matched  those  of  Kruiswyk 
and  Dutton."*  However,  Rudy’s  simulations  were  laminar,  using 
freestream  Reynolds  numbers  (based  on  base  height)  of 700  and  962 
that  are  significantly  lower  than  experimental  values.  Clements  and 
MaulF  used  an  inviscid  discrete  vortex  method  for  simulations  of 
their  experimental  results.  Rudy’s  results  more  accurately  predicted 
the  experimentally  measured  base  pressure  increase  due  to  a  cav¬ 
ity,  but  both  simulations  showed  vortex  formation  within  the  cavity 
and  a  decrease  in  shedding  frequency  due  to  the  cavity,  which  dis¬ 
agrees  with  experimental  results.  Rudy  concluded  that  the  observed 
increase  in  base  pressure  with  a  cavity  was  mainly  due  to  the  phys¬ 
ical  displacement  of  the  base  surface  away  from  the  low-pressure 
vortices. 
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Table  1  Base  pressure  and  shedding  frequency  effects  due  to  base  cavity  (taken  from 
Kruiswyk  and  Dutton^) 


Freestream 

Freestream 

Base  pressure  coefficient  Cp 

Sirouhal  no.  St 

Mach  no..  Mqc 

Reynolds  no.,  Rcqc 

increase.% 

Increase,  % 

0.4 

1.36  X  10* 

14.1 

6.53 

0.6 

1.82  X  10* 

9.8 

3.65 

0.8 

2.09  X  10* 

10.3 

2.57 

FLOW  - ^ 


Fig.  1  Typical  tM'o-dimensional  base  cavity  and  subsonic  vortex  street 
wake. 

The  work  presented  here  will  take  advantage  of  both  the  new 
results  available  from  particle  image  velocimetry  (PIV)  and  the 
extensive  experimental  and  computational  data  available  from 
Kruiswyk  and  Dutton"^  and  Rudy,’®  respectively.  The  ability  to  di¬ 
rectly  compare  results  from  several  techniques  for  similar  base  ge¬ 
ometries  and  flow  conditions  will  allow  a  thorough  analysis  of  the 
effects  of  a  base  cavity  on  the  structure  and  properties  of  the  flow- 
field,  leading  to  a  better  understanding  of  the  mechanisms  of  drag 
reduction. 

Equipment 

Test  Section 

Experiments  for  this  study  were  performed  in  a  previously  fab¬ 
ricated  transonic  wind  tunnel  (Fig.  2)  based  on  a  design  described 
by  Little  and  Cubbage.”  The  tunnel  has  a4  x  4  in.  (101.6  x  101.6 
mm)  test  section  with  solid  sidewalls  and  slotted  upper  and  lower 
inner  walls  to  relieve  the  blockage  effect  of  models  in  the  subsonic 
to  transonic  speed  range.  Six-in.-diam  round  windows  are  mounted 
in  both  sidewalls  to  allow  visualization  of  the  downstream  end  and 
near  wake  of  a  base  model.  The  tunnel  is  a  blowdown  type  sup¬ 
plied  with  compressed  dry  air  from  a  140  m^  tank  farm  at  120  psia. 
The  base  model  (Fig.  2)  consists  of  an  interchangeable  afterbody 
mounted  on  a  wedge-shaped  forebody.  Trip  wires  are  mounted  on 
the  top  and  bottom  surfaces  near  the  upstream  edge  to  assure  a  uni¬ 
formly  turbulent  boundary  layer  at  separation.  When  mounted  in 
the  test  section,  the  upstream  edge  is  located  approximately  17  in. 
(432  mm)  downstream  of  the  wind  tunnel  entrance  with  approxi¬ 
mately  0.75  in.  (19  mm)  of  the  downstream  end  of  the  model  visible 
through  the  side  windows.  The  afterbodies  used  are  a  blunt  base 
and  a  rectangular  base  cavity  with  a  depth  of  half  the  base  height. 
The  wind  tunnel  and  base  models  are  the  same  as  those  used  by 
Kruiswyk  and  Dutton."* 

Modifications  have  been  made  to  the  original  wind  tunnel  for  the 
flow  seeding  and  optical  access  necessary  for  this  study.  Slot-shaped 
upper  and  lower  windows  have  been  fabricated  and  installed  in  the 
outer  tunnel  walls  for  access  with  a  vertically  propagating  planar 
laser  sheet.  The  sheet  passes  through  the  lower  window  and  through 
one  of  the  streamwise  slots  of  the  inner  wall  to  enter  the  test  section. 
The  arrangement  of  the  wall  slots  requires  the  position  of  the  sheet 
to  be  10  mm  off  the  tunnel  centerline  in  the  spanwise  direction, 
but  surface  flow  visualization  on  the  base  model^  and  laser  Doppler 
velocimetry  (LDV)  data  in  the  near  wake’*  indicate  no  significant 
variation  of  the  flow  within  10  mm  of  the  centerline.  Delivery  of 
silicone  oil  droplet  seeding  for  PIV  is  done  by  two  TSI  six-jet  at¬ 
omizers  feeding  a  single  3/4-in.  o.d.  tube  that  enters  the  stagnation 
chamber.  Flow  from  the  stagnation  chamber  passes  through  a  pair 
of  screens  (44  x  44  mesh  screen  with  57%  open  area)  and  enters  an 
enclosure  at  the  nozzle  entrance  to  reduce  turbulence.  The  atomized 
silicone  oil  is  then  injected  through  a  manifold  tube  with  a  series 
of  holes  directed  downstream  and  oriented  in  a  transverse  (vertical) 
plane  aligned  with  the  illuminating  laser  sheet.  The  flow  then  passes 


honeycomb  slotted 


through  a  2-in. -long  section  of  honeycomb  with  a  3/16-in.  cell  di¬ 
ameter  to  further  reduce  turbulent  fluctuations.  The  seed  injection  is 
done  downstream  of  the  screens  due  to  experience  with  LDV  indi¬ 
cating  that  silicone  oil  droplets  tend  to  build  up  on  screens,  causing 
large  drops  to  form  and  burst  off,  which  bias  velocity  measurements. 
LDV  data  from  the  final  tunnel  configuration  indicate  tunnel-empty 
turbulence  intensities  of  less  than  1%  at  the  freestream  conditions 
used  in  this  study. 

PIV  System 

To  meet  the  objectives  set  forth  for  this  study,  data  were  obtained 
with  a  nonintrusive  velocity  measurement  technique  called  parti¬ 
cle  image  velocimetry  (PIV).  PIV  is  performed  by  illuminating  a 
seeded  fiowfield  with  a  planar  laser  sheet  that  is  pulsed  at  a  known 
time  interval,  forming  two  or  more  sequential  images  of  each  seed 
particle  within  the  light  sheet  (Fig.  3).  The  particle  images  are  cap¬ 
tured  on  film  or  another  medium;  then  the  local  image  separations 
and,  therefore,  velocities  can  be  determined  for  the  entire  plane. 
Unlike  pointwise  techniques  such  as  LDV,  which  provides  statisti¬ 
cal  velocity  data  on  a  point-by-point  basis,  PIV  can  quantitatively 
identify  instantaneous  flow  structures  that  may  be  random  in  nature 
but  important  to  the  overall  behavior  of  the  flow.  PIV  also  reveals 
planar  views  of  three-dimensional  flow  structures  that  are  smeared 
by  volume  integration  inherent  in  techniques  such  as  schlieren  pho¬ 
tography.  A  detailed  discussion  of  the  design,  development,  and 
validation  of  the  automated  PIV  system  used  in  this  study  can  be 
found  in  Refs.  12  and  13. 

The  current  study  used  a  beam  thickness  of  1.2  mm  and  width 
of  64  mm  at  the  test  section  with  a  uniform  interrogation  region  for 
each  velocity  measurement  of  1  x  1  mm  in  the  frame  of  reference  of 
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Table  2  Experimental  conditions 


Freestream 

Mach  no.,  Mqo 

Reference 
Mach  no.,  Afref 

Base 

configuration 

Freestream 
Reynolds  no.,  Heoo 

Notation 

0.4 

0.49 

Blunt 

1.36  X  10^ 

M4b 

0.4 

0.49 

Half-height  cavity 

1.36  X  10^ 

M4c 

0.6 

0.74 

Blunt 

1.82  X  10^ 

M6b 

0.6 

0.74 

Half-height  cavity 

1.82  X  10^ 

M6c 

0.8 

0.88 

Blunt 

2.09  X  10^ 

M8b 

0.8 

0.88 

Half-height  cavity 

2.09  X  10= 

M8c 

velocity  data 

Fig.  3  Principle  of  PIV. 


the  test  section.  The  probe  volume  is  therefore  1  x  1  mm  (spot  size) 
by  1.2  mm  (laser  sheet  thickness)  or  1.2  mm.^  Velocity  vectors  were 
determined  on  a  grid  with  an  increment  of  0.5  mm  in  each  direction 
(overlapping  spots)  to  prevent  biasing  due  to  small-scale  motions  in 
the  flowfield.  The  upstream  edge  of  the  vertically  propagating  beam 
passes  just  downstream  of  the  aft  edge  of  the  base  to  avoid  intense 
reflections  from  the  base  surfaces,  thus  preventing  acquisition  of 
PIV  data  within  the  base  cavity. 

Validation  experiments  have  been  performed  with  this  PIV  system 
using  both  simulations  and  high-speed  flow  experiments,  indicating 
a  maximum  total  error  in  raw  PIV  velocity  measurements  of  less 
than  3%.*^  A  large  portion  of  this  total  is  due  to  random  error,  which 
is  reduced  by  processing  operations  performed  on  the  raw  data.*^-^"^ 

Results  and  Discussion 

Experimental  Conditions 

Experiments  were  initially  performed  with  two  base  configura¬ 
tions  at  three  freestream  velocity  conditions,  resulting  in  six  cases. 
Flow  conditions  for  each  case  were  determined  by  running  the 
test  section  without  the  base  model.  The  test  section  flow  veloc¬ 
ity  was  measured  as  a  function  of  wind-tunnel  stagnation  pressure, 
allowing  the  appropriate  stagnation  pressure  to  be  determined  for 
each  desired  freestream  velocity  condition.  This  stagnation  pres¬ 
sure  was  maintained  for  the  corresponding  experiments  with  the 
base  model.  A  summary  of  the  flow  conditions  and  base  configura¬ 
tions  used  in  this  study  is  shown  in  Table  2,  including  the  freestream 
Reynolds  number  based  on  freestream  velocity  and  base  height,  and 
shorthand  notations  for  each  case.  As  mentioned  previously,  these 
cases  match  those  used  by  Kruiswyk  and  Dutton‘S  and  the  Mach 
0.4  and  0.6  freestream  conditions  used  by  Rudy^®  with  similar  base 
configurations. 


Strcamwise  Distance  from  Base  x  (mm) 


PIV  data  on  0.5  mm  grid 
(shown  on  I  mm  grid  forciarily) 


275  m/s 


Fig.  4  M6b  processed  velocity  vector  plot. 


As  expected  from  inviscid  flow  theory,  the  measured  velocity 
just  outside  the  boundary  layer  at  the  downstream  edge  of  the  base 
(reference  Mach  number  in  Table  2)  is  greater  than  the  associated 
freestream  velocity  due  to  local  compression  of  streamlines  near 
the  body.  The  mean  measured  reference  Mach  numbers  for  each 
case  were  found  to  match  the  reference  Mach  numbers  quoted  by 
Kruiswyk  and  Dutton"^  for  the  associated  freestream  conditions.  The 
velocity  data  from  individual  flowfield  realizations  showed  some 
variation  from  the  desired  reference  velocities  (maximum  9%)  due 
to  the  lack  of  tunnel  control  valve  resolution  at  the  small  stagnation 
pressures  required  and  due  to  changes  in  the  stagnation  temperature 
of  the  supply  air  from  run  to  run.  The  velocity  data  from  each  flow- 
field  realization  were  therefore  scaled  to  account  for  these  variations. 

Individual  Flowfield  Realizations 

Fifteen  flowfield  realizations  were  obtained  for  each  of  the  Mach 
0.4  and  Mach  0.6  cases  listed.  Realizations  were  also  obtained  for 
each  of  the  Mach  0.8  cases,  but  difficulties  with  seeding  density  in 
the  vortex  street  prevents  the  use  of  those  cases  in  the  quantitative 
analysis  presented  here.^^  Each  individual  realization  consists  of  an 
array  of  6831  (99  x  69)  instantaneous  velocity  vectors  with  0.5-mm 
spacing  in  the  streamwise  and  transverse  directions.  By  defining 
the  coordinate  system  as  positive  x  in  the  streamwise  direction  and 
positive  y  in  the  transverse  direction  with  the  origin  at  the  center  of 
the  downstream  base  edge,  each  realization  covers  the  wake  from 
jr  =  1  to  50  mm  and  from  y  =  - 17  to  17  mm.  This  region  extends 
2.2  base  heights  in  the  transverse  direction  and  3.3  base  heights 
downstream  of  the  aft  edge  of  the  base. 

The  velocity  vector  plot  from  a  single  Mach  0.6  blunt  base  (M6b) 
realization  is  shown  in  Fig.  4.  As  noted  in  the  figure,  only  every  other 
vector  in  each  direction  is  plotted  for  the  sake  of  clarity.  Process¬ 
ing  of  the  velocity  data  includes  automated  elimination  of  invalid 
velocity  vectors  (2-8%  of  total)  that  are  caused  by  photographic 
imperfections,  lack  of  particle  images,  and  other  effects.  Interpola¬ 
tion  is  used  to  replace  invalid  data,  and  then  a  low-pass  spatial  filter 
smooths  the  data  to  eliminate  any  high-frequency  random  error. 

Figure  4  reveals  some  of  basic  features  of  the  flowfield,  includ¬ 
ing  the  presence  of  distinct  alternating  vortices.  The  first  counter 
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Tablf  .3  Base  lUnv  shear  laser  length  and  separation 

Expen  menial 
case 

Average  shear  taver 
sireannvise  lengih. 
mm 

Ca\i(> 

S  change 

Shear  layer  endpoint 
transverse  separation. 

mm 

Cav  n\ 
change 

M4b 

— 

13.0 

M4c 

(i.S 

-l.n 

12. .5 

Mhh 

M6e 

S.O 

7.4 

1 3.5 

12.8 

-5.2 
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Streamwise  Distance  from  Base  x  (mm) 

PIV  data  on  0.5  mm  grid  275  m/s 

(shown  on  1  mm  grid  for  clarity) 


-180,000  sec ‘  180,000  sec  ‘ 

Fig.  5  M6b  color  vorticity  plot  with  velocity  vector  overlay. 
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clockwise  vortex  near  the  base  is  clearly  seen,  whereas  the  structure 
of  the  next  two  vortices  is  less  distinct  due  to  increasing  convective 
velocity  in  the  downstream  direction.  The  separated  region  near 
the  base  is  also  evident,  with  low  velocity  magnitudes  immediately 
downstream  of  the  base  edge  and  significant  upstream  fluid  motion 
at  the  first  fully  formed  vortex.  There  is  also  evidence  of  turbulence 
throughout  the  flowfield.  with  irregularities  in  the  vonex  motion, 
especially  near  the  base  edge. 

To  analyze  vortex  location  and  strength,  the  out-of-plane  vonicity 


was  computed  for  each  flowfield  realization.  This  was  done  by  cen¬ 
tral  differencing  of  the  original  velocity  data.  A  color  plot  of  vortic¬ 
ity  with  overlaid  velocity  vectors  corresponding  to  Fig.  4  is  shown 
in  Fig.  5.  These  data  present  a  new  capability  for  quantitatively 
analyzing  separated  compressible  flow  structure  that  has  to  this  point 
been  impossible.  One  of  the  notable  features  in  Fig.  5,  which  holds 
for  all  experimental  conditions,  is  the  significant  fragmentation  of 
the  vortices  as  they  shed  from  the  separated  shear  layers  at  the  aft 
edge  of  the  base.  This  is  indicative  of  the  high  level  of  boundary-layer 
turbulence  before  separation,  confirmed  by  boundar>'-layer  turbu¬ 
lence  intensity  measurements  of  up  to  5%  using  LDV/-  and  its  effect 
on  the  turbulent  structure  of  the  wake.  Fast  response  pressure  mea¬ 
surements  made  in  the  wake  by  Kxuiswyk  and  Dutton  also  showed 
a  wide  distribution  of  frequencies  around  the  vortex  shedding  fre¬ 
quency,  indicating  the  superposition  of  the  vortex  street  on  a  random 
turbulent  flowfield.  Turbulence  energy  is  therefore  transferred  in  the 
wake  from  the  large-scale  vortices  to  smaller  scales,  causing  the 
gradual  breakdown  of  distinct  vortices  as  they  travel  downstream. 


Vorticity  Statistics 

As  mentioned  earlier,  previous  theories  regarding  the  mechanism 
of  base  cavity  drag  reduction  all  hinge  on  some  modification  of 
vortex  strength  and/or  position.  For  this  reason,  it  is  desirable  to  use 
the  vorticitv  data  now  available  to  examine  vortex  path  and  strength, 
both  with  :md  wiThon^  b:ise  cn\  Because  of  the  turbulent  nature 


of  the  flowfield  and  the  resulting  vortex  fragmentation  discussed 
pre\iously,  it  is  rather  difficult  to  select  a  particular  location  for 
each  vortex  in  an  instantaneous  realization.  Therefore,  a  statistical 
method  was  adopted  to  estimate  vonex  path  and  strength.  Because 
of  the  alternate  shedding  of  the  wake  vimices.  successive  vonices 
have  peak  vonicity  values  lO:  of  alternating  sign,  causing  the  mean 
\  onicii  v  to  go  to  zero  where  the  opposing  vonex  paths  (werlap.  .Since 
only  the  vonicity  magnitude  is  necessary  for  the  determination  of 
vonex  stremzih  and  path,  it  vvas  decided  to  derive  the  root  mean 
square  (rmsMonicity  for  each  experimental  case,  which  is  defined 
at  each  flowfield  location  (.v.  y)  bv 
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where  the  index  i  represents  each  individual  realization  lor  the  ex¬ 
perimental  case  of  interest  and  ,V  i^  the  total  number  ot  realizations, 
or  15. 

The  results  for  the  M4b.  M4c.  M6b.  and  M6c  cases  (see  Table  2) 
are  showm  in  Fig.  6.  These  plots  show  the  region  within  approxi¬ 
mately  one  base  height  of  the  aft  edge  to  concentrate  on  the  notable 
features.  Although  some  data  scatter  is  present  due  to  the  turbulence 
lev  el  and  limited  ensemble  size,  these  plots  do  reveal  useful  infor¬ 
mation  about  cavity  effects.  One  of  the  first  noticeable  features  is  the 
presence  of  the  free  shear  layers  at  each  separation  point  and  their 
extension  into  the  w-ake.  At  a  point  less  than  one-half  base  height 
dow'nstream.  they  rapidly  lose  strength,  indicating  the  mean  location 
at  which  free  vortices  break  off  into  the  wake,  or  the  vortex  formation 
location.  Lines  have  been  included  on  the  plots  to  identify  the  mean 
shear  layer  location,  shape,  and  length.  Each  line  was  determined 
by  a  curvefit  to  the  peak  vorticity  values  in  the  shear  layer,  with  the 
line  terminating  at  the  point  where  the  vorticity  drops  below'  619c 
of  the  maximum  scale,  or  67.000  s"’  for  the  M4b  and  M4c  cases, 
and  100,000  s"'  for  the  M6b  and  M6c  cases.  This  allows  a  relative 
comparison  of  the  shear  layer  lengths  between  all  four  cases. 

Table  3  shows  the  average  shear  layer  length  and  the  transverse 
separation  distance  of  the  shear  layer  endpoints  for  each  case  shown 
in  Fig.  6.  Although  the  average  shear  layer  length  is  0.6  mm  shorter 
for  the  M6c  case  than  the  M6b  case,  the  difference  of  O.l  mm  is 
not  significant  for  the  Mach  0.4  cases.  The  asymmetry  in  the  shear 
layers  propagating  from  the  upper  and  low'er  base  comers  for  a  given 
case  also  prevents  drawing  any  firm  conclusion  of  a  change  in  vortex 
formation  location  due  to  the  cavity,  although  wake  static  pressure 
data  w'ere  used  by  Kruiswwk  and  Dutton**  to  conclude  that  vortex 
formation  occurs  further  dow'nstream  due  to  the  cavity  for  a  Mach 
0.4  freestream  velocity. 

Figure  6  does,  however,  reveal  that  the  angle  of  convergence  of  the 
shear  layers  tow'ard  the  transverse  centerline  appears  steeper  for  the 
base  cavity  cases  than  for  the  blunt  base.  There  may  also  be  a  slight 
increase  in  shear  layer  curvature,  although  it  is  difficult  to  determine 
conclusively.  Increased  shear  layer  curvature  would  indicate  a  larger 
pressure  gradient  across  the  shear  layer,  which  would,  in  turn,  imply 
that  the  cavity  causes  lower  mean  static  pressure  in  the  region  just 
inside  the  shear  layer  and  just  past  the  separation  point.  However, 
this  must  be  only  a  local  effect  confined  near  the  shear  layer,  since 
the  cavity  has  been  shown  in  previous  research  to  increase  the  mean 
pressure  over  the  base  surface,  which  is  upstream  of  the  shear  layers 
inside  the  cavity. 

Convergence  of  the  shear  layers  causes  the  transverse  separation 
distance  between  the  two  shear  layers  to  be  reduced  at  their  end- 
points  (see  Table  3).  explaining  the  increase  in  shedding  frequency 
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Fig.  6  Enlarged  color  rms  vorticity  plots  indicating  shear  layers:  a)  M4b  b)  M4c,  c)  M6b,  and  d)  M6c. 


observed  by  Kruiswyk  and  Dutton**  for  the  base  cavity  (see  Table  1 ). 
As  stated  by  Page  and  Johansen,*^  the  shedding  frequency  in  a  vor¬ 
tex  street  is  inversely  proportional  to  the  separation  distance  of  the 
shear  layers  in  the  wake.  When  the  shear  layer  separation  is  re¬ 
duced  in  the  base  cavity  wake  due  to  convergence,  it  follows  that 
the  shedding  frequency  increases. 

In  examining  the  vortex  path  just  downstream  of  the  shear  layers, 
reduced  vortex  strength  due  to  the  base  cavity  can  be  seen  in  Fig.  6 
for  both  freestream  Mach  numbers.  In  an  effort  to  quantify  this  re¬ 
sult,  the  spatially  averaged  rms  vorticity  was  calculated  for  each  case 
in  Fig.  6  over  a  region  extending  between  the  two  shear  layer  end¬ 
points  (in  the  transverse  direction)  and  extending  from  the  longest 
shear  layer  endpoint  to  7.5  mm  downstream  of  that  endpoint  (in  the 
streamwise  direction).  This  region  was  chosen  to  uniformly  cover 
the  initial  vortex  path  for  each  case.  The  results  are  shown  in  Table  4. 
Although  the  data  scatter  in  Fig.  6  makes  small  differences  difficult 
to  determine  visually,  the  data  in  Table  4  show  that  the  average  rms 
vonicitN'  level  is  indeed  reduced  by  the  cavity  for  both  freestream 
Mach  numbers,  implying  a  small  decrease  in  vortex  strength. 

Finally,  any  effect  of  the  base  cavity  on  mean  vortex  path  is  not 
clear  from  Fig.  6,  although  it  is  evident  that  turbulence  causes  the 
vortex  path  to  be  somewhat  random,  since  the  rms  vorticity  magni¬ 
tude  peaks  are  widely  scattered  in  the  wake  for  all  cases. 

The  effects  of  increasing  Mach  number  on  the  shear  layers  include 
a  small  increase  in  shear  layer  separation  (see  Table  3)  that  seems 
to  be  caused  by  a  reduction  in  both  the  initial  convergence  angle 
and  curvature  of  the  shear  layers,  and  can  be  attributed  to  increased 
streamwise  momentum  in  the  fluid  stream  outside  the  wake.  The 


Table  4  Base  flow  near-w  ake  vortex  strength 


Experimental 

case 

Spatially  averaged  rms  vorticity, 
s"’ 

Cavity 

change 

M4b 

42,590 

_ 

M4c 

40,890 

-4.0 

M6b 

66,120 

— 

M6c 

62.490 

-5.5 

shear  layers  are  also  extended  by  approximately  1  mm  for  the  Mach 
0.6  freestream  cases  vs  Mach  0.4,  causing  the  vortex  formation  to 
occur  further  downstream  of  the  base  edge.  However,  any  change 
in  vonex  path  downstream  of  the  shear  layers  due  to  the  increase  in 
freestream  velocity  is  not  evident  from  these  data.  Displacement  of 
the  vortex  formation  location  further  downstream  of  the  base  would 
serve  to  explain  the  reduced  effectiveness  of  the  cavity  at  higher 
Mach  numbers  as  shown  by  Kruiswyk  and  Dutton"*  (see  Table  1 ). 
As  the  vortices  form  further  away  from  the  base  at  higher  Mach 
numbers,  their  effect  on  the  pressure  at  the  base  surface  is  reduced, 
causing  any  modification  of  the  vortex  street  due  to  the  cavity  to 
have  less  relative  effect  on  the  base  pressure. 

Instantaneous  Wake  Structure 

Funher  information  on  base  cavity  wake  effects  can  be  obtained 
by  comparing  the  instantaneous  wake  structure  for  the  blunt  base 
and  base  cavity  at  a  similar  point  in  the  vortex  shedding  cycle.  For 
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Fig.  7  Instantaneous  flow  structure  comparison — Mac,  “  0-4  velocity  vectors:  a)  M4b  and  b)  M4c. 
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Fig.  8  Instantaneous  flow  structure  comparison — Mqc  "0.6  velocity  vectors:  a)  M6b  and  b)  M6c. 


each  freestream  velocity  condition,  realizations  were  selected  from 
the  two  base  configurations  with  closely  matching  vortex  locations 
in  the  near  wake.  Velocity  vector  plots  for  the  best  match  from 
the  M4b  and  M4c  cases  are  shown  in  Fig.  7,  with  plots  from  the 
M6b  and  M6c  cases  shown  in  Fig.  8.  As  in  Figs.  4  and  5,  these 
velocity  vector  plots  show  only  every  other  vector  in  each  direction 
for  the  sake  of  clarity.  It  is  evident  from  Figs.  7  and  8  that  for  each 
pair  of  realizations  the  center  stagnation  point  of  the  first  vortex 
downstream  of  the  base  matches  to  within  1  mm  in  each  direction. 

Each  of  these  realizations,  along  with  others  not  shown  here,  in¬ 
dicates  that  the  circulating  region  around  a  fully  formed  vortex  en¬ 
tering  the  wake  covers  most  of  the  base  height,  which  is  confirmed 
by  the  results  of  Kruiswyk  and  Dutton.^  However,  in  both  Figs.  7 
and  8,  a  significant  difference  in  vortex  structure  due  to  the  cavity 
is  evident.  In  the  presence  of  the  base  cavity,  the  circulating  region 
around  the  fully  formed  vortex  is  extended  further  in  all  directions, 
diffusing  the  vortex  motion  over  a  larger  region.  Although  velocity 
data  are  available  only  to  within  1  mm  of  the  base  boundary,  the 
vortex  seems  to  extend  partially  into  the  cavity  boundary  (see  first 
column  of  vectors  at  x  =  1  mm  and  y  =  —7.5  to  7.5  mm  in  Figs.  7b 


and  8b),  but  the  relatively  small  magnitude  of  this  motion  and  the 
distance  of  the  vortex  center  from  the  cavity  preclude  the  vortex 
being  significantly  inhibited  by  the  cavity  walls.  The  extension  of 
the  vortices  partially  into  the  cavity  is  confirmed  by  tuft  visualiza¬ 
tion  experiments  done  by  Kruiswyk  and  Dutton,^  which  showed  that 
short  strands  of  lightweight  thread  hung  at  the  cavity  boundary  oscil¬ 
lated  back  and  forth  into  the  cavity  in  the  streamwise  direction,  with 
small  oscillations  in  the  spanwise  direction.  However,  surface  flow 
visualization  experiments  performed  to  determine  the  interaction  of 
the  vortices  with  the  inner  walls  of  the  cavity  indicated  very  little 
fluid  motion  on  the  walls  (i.e.,  very  small  cavity  wall  shear  stress), 
even  near  the  cavity  boundary.  The  rms  vorticity  data  obtained  here 
also  show  no  evidence  of  vortex  formation  near  the  cavity  boundary 
(see  Fig.  6),  and  so  it  is  not  likely  that  the  vortices  extend  far  enough 
into  the  cavity  to  be  seriously  inhibited  by  the  cavity  walls. 

Another  feature  of  the  vortex  expansion  shown  in  Figs.  7  and  8 
is  that,  with  the  base  cavity,  the  vortices  extend  far  enough  across 
the  wake  to  affect  the  opposing  shear  layer.  For  example,  in  Fig.  8b, 
the  fully  formed  vortex  shed  from  the  lower  separation  point  clearly 
interacts  more  strongly  with  the  upper  shear  layer  than  is  the  case 


for  the  blunt  base  in  Fig.  8a.  To  examine  this  interaction,  the  in¬ 
stantaneous  vorticity  is  plotted  in  Figs.  9  and  10  for  each  of  the 
four  realizations  shown  in  Figs.  7  and  8.  From  these  plots,  the  shear 
layer  position  can  be  determined  and  is  indicated  by  a  line  in  the 
same  manner  as  in  Fig.  6.  The  fluid  motion  near  the  shear  layers  due 
to  vortex  expansion  across  the  wake  is  also  shown  with  cun'ed  ar¬ 
rows.  One  effect  from  interaction  of  the  expanded  vortices  with  the 
opposing  shear  layers  is  a  folding  of  the  shear  layer  region  toward 
the  transverse  centerline.  For  example,  in  Fig.  10b.  the  upper  shear 
layer  gains  transverse  momentum  toward  the  centerline  at  locations 


upstream  of  the  vortex  center.  The  subsequent  increase  in  shear  layer 
curvature  and  convergence  angle  in  the  area  upstream  of  the  vonex 
center  is  clearly  evident  from  both  base  cavity  plots  (lower  shear 
layer  in  Fig.  9b  and  upper  shear  layer  in  Fig.  fob).  Evidence  of  the 
vortex  interaction  with  remnants  of  the  shear  layer  downstream  of 
the  vortex  center  is  also  apparent  with  the  corresponding  motion 
away  from  the  transverse  centerline. 

Another  effect  of  diffused  vortex  motion  is  that  increased  vorticity 
in  the  area  just  inside  of  the  shear  layers  and  downstream  of  the 
separation  point  can  reduce  the  local  pressure,  thereby  increasing  the 
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Fig.  11  Navier-Stokes  numerical  solution  vorticity  contours,  taken 
from  Rudy*®:  a)  M6b  and  b)  M6c. 

curvature  of  the  shear  layer,  an  effect  that  was  discussed  previously. 
However,  increases  in  vorticity  magnitude  near  the  shear  layers  that 
would  be  associated  with  reduced  pressure  are  not  readily  apparent 
in  Figs.  9b  and  10b. 

The  instantaneous  flow  structure  data  can  also  be  used  for  compar> 
ison  to  the  numerical  simulation  of  this  flowfield  done  by  Rudy.*® 
This  study  used  a  time-accurate  simulation  of  the  Navier-Stokes 
equations  to  compute  the  laminar  flow  past  base  models  similar 
to  those  used  in  the  present  experiments,  with  the  only  difference 
being  in  the  transverse  cavity  height,  which  is  equal  to  90%  of  the 
total  base  height  in  the  simulations  and  80%  of  the  base  height  in  the 
present  experiments.  As  previously  mentioned,  the  simulations  were 
done  for  freestream  Mach  numbers  of  0.4  and  0.6  and  at  relatively 
low  freestream  Reynolds  numbers  (based  on  freestream  velocity  and 
base  height)  of  700  and  962  for  Mach  0.4  and  0.6,  respectively. 

Instantaneous  vorticity  plots  have  been  selected  from  the  Mach 
0.6  simulations  (Fig.  1 1)  that  most  closely  match  the  stage  of  vortex 
development  indicated  by  the  experimental  results  shown  in  Fig.  10. 
In  comparing  the  numerical  and  experimental  results,  it  can  be  seen 
that  there  are  some  significant  differences  in  the  vortex  structure. 
The  lack  of  turbulence  in  the  laminar  flow  simulations  and  the  re¬ 
sultant  discrepancy  with  the  experimental  flowfield  (which  includes 
small-scale  turbulence  and  vortex  fragmentation)  are  evident.  The 
simulations  also  show  that  the  vortices  are  elongated  for  both  the 
blunt  and  cavity  configurations,  especially  for  the  base  cavity  where 
the  vortex  stretches  in  the  streamwise  direction  as  it  expands  into 
the  cavity,  causing  vortex  motion  far  into  the  cavity.  Additional  data 
from  Rudy*®  show  distinct  vortices  forming  near  the  cavity  bound¬ 
ary  at  the  transverse  center  of  the  wake.  Although  the  PIV  data 
do  not  extend  into  the  cavity,  the  scale  of  the  fluid  motion  at  the 
boundary  and  the  vortex  formation  location  indicated  by  the  experi¬ 
ments  do  not  support  these  results.  Rudy  recognized  the  limitations 
of  his  computations  and  suggested  future  studies  to  include  both 
higher  Reynolds  numbers  and  turbulence  modeling  to  more  accu¬ 
rately  predict  experimental  results  under  typical  Reynolds  number 
conditions. 


Conclusions  and  Summary 

Analysis  of  the  time-resolved  flowfield  structure  in  the  turbulent 
separated  wake  of  a  base  cavity  has  been  made  possible  by  imple¬ 
mentation  of  a  new  particle  image  velocimetry  (PIV)  system.  The 
data  obtained  have  shed  light  on  the  effects  of  a  two-dimensional 
base  cavity  and  on  the  mechanism  by  which  it  reduces  base  drag. 

The  evidence  presented  indicates  that  the  most  prominent  effects 
of  a  base  cavity  on  the  vortex  street  wake  are  the  increased  conver¬ 
gence  of  the  separated  shear  layers  from  each  base  comer  toward 
the  transverse  wake  centerline,  and  the  diffusion  of  vortex  motion 
due  to  the  expansion  of  individual  vortices  across  the  near  wake  and 
partially  into  the  cavity.  The  diffusion  of  the  vortices,  in  turn,  re¬ 
duces  their  strength  by  approximately  4-6%,  although  the  vortices 
do  not  form  further  upstream  and  are  not  significantly  inhibited  by 
the  cavity  walls.  This  is  seen  at  both  freestream  conditions  exam¬ 
ined  here.  It  is  also  evident  that  the  effects  are  less  significant  at 
higher  freestream  velocities  due  to  the  extension  of  the  separated 
shear  layers  and  the  movement  of  the  vortex  formation  location  fur¬ 
ther  downstream  of  the  aft  edge  of  the  base,  thereby  reducing  the 
effect  of  the  cavity  on  the  vortices.  These  specific  effects  provide 
the  information  necessary  for  determination  of  the  drag  reduction 
mechanisms  of  base  cavities. 

The  apparent  mechanism  of  the  observed  base  cavity  wake  mod¬ 
ifications  depends  on  the  replacement  of  the  solid  boundary  of  the 
blunt  base  with  the  compliant  fluid  boundary  of  the  base  cavity.  This 
compliant  boundary  allows  greater  expansion  of  vortex  motion  and  a 
resulting  small  increase  in  shear  layer  convergence  toward  the  trans¬ 
verse  centerline  due  to  the  interaction  of  each  vortex  on  the  upstream 
part  of  the  opposite  shear  layer.  However,  vortex  formation  does  not 
occur  any  closer  to  the  aft  edge  of  the  base  for  the  cavity  case.  These 
results  refute  the  theories  of  Nash  el  al.,"  Pollock,^  Ringleb,®  and 
Wood,”^  all  of  which  assume  that  the  vortices  are  somehow  trapped 
or  stabilized  by  interaction  with  the  inner  walls  of  the  cavity.  The 
suggestion  by  Compton*  and  Morel^  that  a  coflowing  stream  sheds 
from  the  cavity  wall  is  partially  valid  in  that  there  is  some  mo¬ 
mentary  outflow  from  one  edge  of  the  cavity  when  vortex  motion 
partially  extends  into  the  cavity,  but  the  magnitude  of  the  motion  is 
very  small  and  too  short-lived  to  affect  the  vorticity  level  in  the  shear 
layer  before  vortex  formation.  This  conclusion  is  confirmed  by  the 
surface  flow  experiments  of  Kruiswyk  and  Dutton"*  that  indicate  lit¬ 
tle  or  no  fluid  motion  on  the  inner  walls  of  the  cavity.  The  proposal 
by  Kruiswyk  and  Dutton"*  that  periodic  fluid  mixing  at  the  cavity 
boundary  is  responsible  for  a  reduction  in  vortex  strength  is  closest 
to  being  in  agreement  with  the  present  results,  since  some  mixing 
must  occur  as  each  vortex  partly  extends  into  the  cavity,  although 
the  reduction  in  vortex  strength  is  small. 

Aside  from  the  mechanisms  of  wake  modification,  one  must  con¬ 
sider  the  mechanism  of  the  base  pressure  increase  and  subsequent 
drag  reduction  due  to  base  cavities.  It  is  true  that  the  effects  de¬ 
scribed  earlier  modify  and  slightly  weaken  the  vortex  street,  which, 
in  turn,  should  slightly  increase  the  pressure  in  the  vicinity  of  the 
vortices  in  the  near  wake.  However,  the  wake  structure  changes  are 
relatively  small  and  the  vortex  formation  location  and  path  are  not 
significantly  modified.  Without  a  significant  change  in  the  strength 
or  location  of  the  vortices  in  the  near  wake  due  to  the  base  cavity, 
it  seems  that  the  most  significant  factor  affecting  the  base  pres¬ 
sure  is  the  physical  displacement  of  the  base  surface  within  the 
cavity  to  a  position  upstream  of  the  wake,  where  it  does  not  in¬ 
teract  with  the  low-pressure  vortices.  This  is  the  conclusion  drawn 
by  Rudy,*®  although  his  numerical  simulations  showed  the  vortices 
extending  far  into  the  cavity  with  corresponding  effects  on  the  wake 
structure.  y 

In  summary,  the  drag  reduction  mechanism  of  a  base  cavity  in 
subsonic  flow  is  the  physical  displacement  of  the  base  surface  away 
from  the  vortex  street  wake,  which  is  only  slightly  modified  by  the 
presence  of  the  cavity. 
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The  effect  of  base  bleed  on  the  near-wake  fiowfield  of  a  cylindrical  afterbody  in  a  Mach  2£  flow  with  a  unit 
Reynolds  number  of  45  x  10^  has  been  investigated.  This  study  is  aimed  at  better  understanding  the  complex 

fluid-dynamic  interactions  occurring  in  the  near  wake  due  to  base  bleed  and  is  motivated  by  the  lack  of  detailed 
velocity  and  turbulence  data  in  this  flowfield.  The  experimental  tedmiques  used  include  static  pressure  measure¬ 
ments  along  the  afterbody  and  the  base  plane,  schlieren  and  shadowgraph  photography,  and  centerline  traverses 
in  the  near  wake  using  two-component  laser  Doppler  velodmetry.  Results  indicate  rdatively  uniform  radial  pres¬ 
sure  profiles  across  the  base  plane.  With  increasing  bleed  flow  rate,  the  average  base  pressure  is  found  to  increase 
initially,  attain  a  peak  value  near  an  injection  parameter  of  7  s  0.0148,  and  then  decrease  with  further  increase 
in  7.  The  optimum  bleed  condition  near  7  =  0.0148  is  also  characterized  by  a  weak  comer  expansion,  a  minimum 
value  of  the  free-shear-layer  angle,  and  the  near-disappearance  of  the  recirculation  region  (reverse  velocity)  along 
the  centerline  of  the  near  wake. 


Nomenclature 

At  =  base  area, 

Cf  =  skin-friction  coefficient 

H  =  compressible  shape  factor,  8* /O 

I  =  dimensionless  injection  parameter,  mbieed IP\U\At 

k  =  turbulent  kinetic  energy,  m^/s^ 

M  =  Mach  number 

Mbieed  =  bleed  mass  flow  rate,  kg/s 

P  =  pressure,  kPa 

^jcl  =  bleed  jet  radius,  mm 

/?o  =  afterbody  radius,  mm 

r  =  radial  coordinate,  mm 

To  =  wind-tunnel  stagnation  temperature,  K 

U  =  mean  axial  velocity,  m/s 

U  \  ss  freestream  approach  velocity,  m/s 

Ut  =  friction  velocity,  m/s 

n'  =  instantaneous  axial  velocity  fluctuation,  m/s 

u'  =  instantaneous  radial  velocity  fluctuation,  m/s 

X  =  axial  (streamwise)  position  relative  to  the  base 

plane,  mm 

y  -  radial  distance  from  sting  surface,  mm 

8  =  boundary-layer  thickness,  mm 

8*  =  boundary-layer  displacement  thickness,  mm 

9  =  boundary-layer  momentum  thickness,  mm 

Vu,  =  kinematic  viscosity  at  the  wall  (sting  surface) 

temperature,  mVs 

n  =  boundary-layer  wake  strength  parameter 

p  =  density,  kg/m^ 

ou  -  axial  rms  velocity  fluctuation,  m/s 

avr  =  radial  rms  velocity  fluctuation,  m/s 

{ )  =  ensemble-averaged  value 

Subscripts 

b  =  base 

0  =  stagnation  or  afterbody 

1  =  freestream  approach  conditions 
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Introduction 

LOW  sq)aration  at  the  base  of  aerodynamic  vehicles  such  as 
missiles,  rockets,  and  projectiles  lea^  to  the  formation  of  a 
low-speed  recirculation  region  near  the  base.  The  pressure  in  this 
region  is  generally  significantly  lower  than  the  freestream  pressure. 
Base  drag,  caused  by  this  difference  in  pressures,  can  be  up  to  two- 
thirds  of  the  total  drag  on  a  body  of  revolution.  Techniques  such 
as  boattailing,  base  burning,  and  base  bleed  have  been  used  tradi¬ 
tionally  to  reduce  base  drag;  however,  in  the  past,  these  techniques 
were  applied  in  an  empirical  maimer  because  of  a  lack  of  detailed 
data  and  understanding  of  the  fluid-dynamic  interactions  occurring 
in  the  base  region.  Mfith  the  advent  of  laser-based  optical  flow  diag¬ 
nostic  techniques  in  the  past  decade,  it  is  now  possible  to  examine 
these  flowfields  in  greater  detail  in  a  nonintrusive  manner.  Recently, 
a  detailed  investigation  of  supersonic  axisymmetric  base  flows  in¬ 
cluding  the  effects  of  afterbody  boattailing  was  completed  by  Herrin 
and  Dutton.  *  The  research  reported  herein  on  base  bleed  is  the  log¬ 
ical  extension  of  this  recent  investigation. 

Figure  1  is  a  flowfield  schematic  of  supersonic  flow  over  a  blunt, 
cylindrical  body  with  base  bleed.  The  supersonic  freestream  flow 
undergoes  an  expansion  at  the  base  comer  as  the  turbulent  approach 
boundary  layer  separates  and  forms  a  free  shear  layer.  Tl:^  shear 
layer  eventually  undergoes  recompression,  realignment,  and  rede¬ 
velopment  in  the  wake  of  the  afterbody  as  it  is  constrained  to  turn 
along  the  axis  of  symmetry.  The  shear  layer  entrains  fluid  from  the 
region  behind  the  base  and  accelerates  it  A  recompression  shock 
system  returns  this  fluid  to  the  base  region,  forming  a  recirculation 
region  in  the  process.  Injection  of  low-speed  fluid  into  the  base  re¬ 
gion  displaces  the  forward  stagnation  point  downstream  of  the  base 
plane.  The  location  of  the  forward  stagnation  point  is  determined  by 
a  balance  between  the  momentum  of  the  injected  gas  and  that  of  the 
recirculating  fluid.  The  magnitude  of  the  bleed  flow  rate  is  quanti¬ 
fied  using  a  nondimensionai  injection  parameter,  7,  defined  as  the 
bleed  mass  flow  rate  normalized  by  the  product  of  the  base  area  and 
the  freestream  mass  flux.  This  de^tion  of  the  injection  parameter 
does  not  account  for  the  approach  boundary-layer  thickness  and  the 
bleed  flow  momentum,  both  of  which  have  been  shown  to  affect  the 
base  pressure  in  a  maimer  analogous  to  base  bleed. 

The  effea  of  varying  the  bleed  mass  flow  rate  on  the  base 
pressure  ratio,  Pt/Pi*  has  been  studied  experimentally  by  several 
researchers.^"'’  The  results  of  these  experiments  exhibit  certain  com¬ 
mon  trends  and  indicate  three  distina  operating  regimes  determined 
by  the  quantity  of  mass  injected.  The  base  pressure  ratio  increases 
fairly  linearly  with  bleed  rate  at  low  values  of  7  (regime  1).  A  peak 
in  the  base  pressure  ratio  occurs  at  an  intermediate  value  of  7  (near 
I  0.01  for  air),  the  value  of  which  depends  on  several  factors 
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including  the  freestrcam  Mach  number,  the  size  and  geometry  of 
the  bleed  orifice,  and  the  flow  rate,  molecular  weight,  and  temper¬ 
ature  of  the  bleed  gas.  Increases  in  base  pressure  ratio  (relative  to 
the  no-bleed  case)  from  10  to  90%  have  been  reported  for  vari¬ 
ous  combinations  of  the  aforementioned  parameters.  As  the  bleed 
rate  is  increased  past  the  optimum  value,  the  base  pressure  ratio 
decreases  (regime  2)  until  it  reaches  a  relative  minimum.  A  further 
increase  in  the  bleed  flow  leads  to  the  onset  of  power-on  conditions 
(regime  3)  when  the  bleed  flow  becomes  supersonic,  resulting  in  an 
increase  in  base  pressure  ratio. 

From  the  combined  results  of  the  above  experiments,  base-bleed 
effectiveness  is  seen  to  increase  with  ffeestream  Mach  number,  i.e., 
at  higher  Mach  numbers,  the  peak  base  pressure  occurs  at  lower 
/,  and  the  percentage  increase  in  base  pressure  is  also  higher.  The 
effects  of  Ae  bleed  jet  exit  area  on  base  pressure  have  also  been 
investigated.^’^'^“*  At  very  low  bleed  rates,  the  increase  in  base 
pressure  with  bleed  is  nearly  independent  of  the  area  ratio;  however, 
at  higher  bleed  rates,  the  effectiveness  of  base  bleed  was  shown  to 
be  improved  by  larger  jet-lo-base  diameter  ratios.  Injection  with 
porous  bases  is  found  to  be  the  most  effective.’ 

Experiments  using  air,  hydrogen,  helium,  argon,  and  nitrogen 
have  shown  that  base  bleed  is  more  effective  when  a  bleed  gas  with 
lower  molecular  weight  (relative  to  the  freestrcam  gas)  is  used.**’ 
The  peak  base  pressure  is  higher,  and  occurs  at  a  lower  value  of  7 
with  a  lighter  bleed  gas.  Significant  increases  in  base  pressure  have 
also  been  observed  using  a  heated  bleed  gas.*®  At  low  injection 
rales,  the  base  pressure  rise  is  nearly  proportional  to  the  enthalpy 
of  the  bleed  gas.  The  peak  base  pressure  is  higher,  and  occurs  at  a 
lower  value  of  /,  than  for  the  corresponding  cold  bleed  case.  Base 
burning  with  hydrogen  results  in  even  higher  base  pressures  than 
with  hot  bleed.^  Base  bleed  with  fiiel-rich  solid  combustion**  has 
been  shown  to  be  even  more  effective.  The  advantage  of  combustion 
and  burning  over  hot  gas  injection  is  suspected  to  be  due  to  the 
different  mechanisms  and  locations  of  enthalpy  release  in  the  wake. 
Investigation  of  the  combined  effects  of  boattailing  and  base  bleed*’ 
showed  that  although  the  two  effects  were  additive,  there  was  a  very 
weak  dependence  of  optimum  boattail  angle  on  bleed  rale,  and  of 
optimum  bleed  rate  on  boattail  angle. 

While  the  effectiveness  of  base  bleed  as  a  drag-reducing  tech¬ 
nique  is  well  known,  the  details  of  the  fluid-dynamic  interactions 
caused  by  base  bleed  are  not  clearly  understood.  Most  of  the  above 
experimental  investigations  were  carried  out  prior  to  the  develop¬ 
ment  of  reliable  nonintrusive  diagnostic  methods,  and  their  scope 
was  primarily  limited  to  determining  the  global  influence  of  various 
base-bleed  parameters  on  base  pressure.  Some  results  firom  earlier 
studies  are  ^so  unreliable  due  to  possible  interference  arising  from 
model  support  effects^  *  or  nozzle  flow  nonuniformiiy.  In  addition, 
the  results  of  some  of  the  previous  investigations  of  base  bleed  have 
been  confounded  by  the  added  influences  of  boattailing,  hot  gas  in¬ 
jection,  and/or  base  burning.  A  clear  understanding  of  the  base-bleed 
phenomenon  is  hampered  by  a  lack  of  detailed  flowfield  data. 

Analytical  models  based  on  an  empirical  component-type 
approach*^  provide  some  insight  into  the  physical  processes  that 


might  be  associated  with  base  bleed.  Although  these  models  can  only 
represent  the  base-bleed  flowfield  in  a  time-mean  sense,  and  cannot 
account  for  its  instantaneous  turbulent  nature,  they  have  been  fairly 
successful  in  predicting  the  qualitative  effects  of  base  bleed  on  base 
pressure.*^*’  Base-bleed  computations**"”  using  the  Reynolds- 
averaged  Navier-Stokes  equations  have  also  been  successful  in  pre¬ 
dicting  qualitative  base  pressure  trends  and  in  capturing  flowfield 
structure  details.  Numerical  techniques  arc  currently  limited  by  tur¬ 
bulence  modeling  issues,  insufficient  grid  resolution,  and  lack  of 
detailed  experimental  data  for  validation.” 

Recent  experimental  efforts  have  provided  insight  into  the  com¬ 
plex  interactions  prevalent  in  the  near-wake  flowfields  of  blunt- 
based*  and  boattailed’  afterbodies;  however,  no  known  detailed 
measurements  of  the  base-bleed  flowfield  have  been  made  to  date. 
The  objectives  of  the  present  research  arc  to  investigate  the  effects 
of  base  bleed  on  the  near-wake  flowfield  of  a  cylindrical  afterbody  in 
supersonic  flow,  and  to  identify  the  dominant  fluid-dynamic  mech¬ 
anisms  inherent  in  this  complex  flow  with  the  aid  of  laser-based 
optical  diagnostic  techniques.  The  measurements  obtained  provide 
a  set  of  benchmark  baseline  data  that  will  enhance  the  overall  under¬ 
standing  of  base  flow  phenomena  and  also  serve  to  validate  modeling 
and  computational  efforts  in  this  field. 

Experimental  Facilities  and  Equipment 

Fngurc  2  is  a  schematic  of  the  supersonic,  blowdown-type  wind 
tunnel  at  the  University  of  Illinois  Gas  Dynamics  Laboratory  de¬ 
signed  solely  for  the  study  of  axisymmetric  base  flows.  High- 
pressure  air  from  a  tank  farm  enters  the  top  of  the  stagnation  chamber 
and  passes  through  a  scrccn-4ioneycomb-screcn  flow-conditioning 
module.  The  air  is  expanded  to  a  design  Mach  number  of  2.5  in 
the  test  section  using  a  converging-diverging  nozzle.  The  pressure 
and  temperature  in  the  sugnation  chamber  arc  471  ±  3.5  kPa  and 
300  ±  2  K,  respectively,  for  these  experiments.  Two  square  glass 
side  windows  provide  optical  access  to  the  flowfield.  The  air  in  the 
test  section  exits  through  a  conical  diffuser  and  exhaust  duct  to  the 
atmosphere.  The  afterbody  is  mounted  at  the  end  of  a  hoUow  sting, 
which  is  supported  at  two  axial  locations  upstream  of  the  nozzle  to 
avoid  support  disturbances  in  the  flowfield.  A  detailed  description 
of  the  wind-tunnel  design  is  provided  in  Ref.  24. 

For  the  purposes  of  the  base-bleed  study,  several  additions  were 
made  to  the  existing  wind  tuimel.  A  stairless  steel  bleed  line  was 
designed  and  constructed  with  50.8-mm-<liam  pipe  sections  to  fa¬ 
cilitate  conditioning,  measurement,  and  control  of  the  bleed  flow. 
Since  the  base  pressure  is  significantly  subatmospheric,  ambient 
room  air  at  293  ±  2  K  is  an  adequate  source  for  the  bleed  air  supply. 
The  inlet  consists  of  a  screen  followed  by  an  elliptically  rounded 
intake  section  to  condition  the  incoming  bleed  flow.  This  is  followed 
by  about  1.3  m  of  pipe  to  ensure  adequate  flow  development  prior 
to  the  mass  flowmeter.  The  electronic  flowmeter  consists  of  a  tem¬ 
perature  and  a  velocity  probe  and  works  on  the  hot-wire  principle. 
The  linearized  output  is  directly  proportional  to  the  actual  mass  flow 
rate,  and  is  unaffected  by  pressure  and  temperature  fluctuations  in 
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Fig.  3  Location  of  static  pressure  taps  on  base-bleed  afterbody. 


the  supply  air.  The  flowmeter  is  followed  by  a  butterball  valve  for 
coarse  bleed  flow  control  mounted  in  parallel  with  a  needle  valve  for 
fine  control. 

A  schematic  of  the  afterbody  used  in  the  base-bleed  studies  is 
shown  in  Rg.  3.  The  63.5-mm-diam  cylindrical  afterbody  contains 
a  0.4  caliber  bleed  orifice,  which  is  preceded  by  an  elliptically  con¬ 
toured  section  based  on  ASME  long-radius  nozzle  standards^  to 
ensure  a  uniform  velocity  profile  for  the  bleed  flow  exiting  the  base. 
Ten  0.635-mm-diam  static  pressure  taps  on  the  base  plane  are  used 
to  measure  the  radial  distribution  of  the  base  pressure.  Two  sets 
of  five  taps  each  along  the  sting  side  surface,  located  diametrically 
opposite  to  each  other,  are  used  to  measure  the  approach  pressure 
distribution  upstream  of  the  base.  The  taps  in  each  set  are  stag¬ 
gered  along  the  periphery  to  prevent  interference  waves  from  the 
upstream  taps  affecting  the  raeasufcments  of  the  taps  downstream. 
Static  pressure  measurements  are  obtained  using  a  digital  pressure 
transmitter  controlled  by  a  desktop  computer  via  a  serial  interface. 
A  removable  retaining  ring  confines  the  pressure  tubing  near  the 
inner  wall  of  the  afterbody  in  the  region  upstream  of  the  bleed  exit 
orifice  to  minimize  disturbances  in  the  bleed  flow. 

The  two-component  laser  Doppler  velocimetry  (LDV)  system 
used  for  this  investigation  uses  the  green  (514.5  nm)  and  blue 


(488  nm)  lines  of  a  5-W  argon-ion  laser.  The  nominal  blue  and 
green  fringe  spacings  are  10.3  and  1 1.3  finu  respectively.  The  mea¬ 
surement  volume  diameter  is  120  ^m.  Upstream  frequency  shift¬ 
ing  of  40  MHz  is  used  to  discriminate  flow  direction  and  reduce 
fringe  biasing,  and  the  beam  pairs  are  oriented  at  ±45  deg  to  the 
mean-flow  direction  to  minimize  fringe  blindness.  The  receiving 
optics  collect  light  scattered  by  particles  crossing  the  measurement 
volume  in  20-deg-ofF-axis  forward  scatter  mode  (effective  length 
of  measurement  volume  730  /xm).  The  scattered  light  intensity  is 
converted  to  an  analog  voltage  signal  by  photomultiplier  tubes  and 
fed  to  a  digital  burst  correlator  to  extract  frequency,  and  hence, 
velocity  information.  Three  sets  of  stepper  motors,  encoders,  and 
drives  operate  in  a  closed  loop  with  a  desktop  computer  to  provide 
translation  of  the  optical  table  in  all  three  directions.  A  six-jet  atom¬ 
izer  containing  50-cP  silicone  oil  provides  seed  particles  (nominal 
diameter  0.8  fim)  to  four  seed  tubes  through  a  manifold  and  system 
of  regulating  valves.  Three  seed  tubes  for  the  ffeestrcam  flow,  ar¬ 
ranged  120  deg  apart  circumferentially,  are  located  just  downstream 
of  the  flow-conditioning  module.  The  seed  tube  for  the  bleed  flow 
is  located  in  the  bleed  line,  just  downstream  of  the  butterball  valve. 
A  detailed  description  of  the  LDV  system,  including  an  error  anal¬ 
ysis,  has  been  provided  in  Ref.  24.  The  worst-case  rms  error  due 
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to  particle  lag  just  downstream  of  separation  has  been  estimated 
at  6%.  This  error  is  1.7%  one  base  radius  downstream  of  the  base 
plane,  and  continues  to  diminish  further  downstream.  The  estimated 
worst-case  uncertainty  is  1.2%  of  C/i  in  the  mean  velocity,  and  2.3% 
of  Ui  in  the  rms  velocity  fluctuation  measurements. 

Results  and  Discussion 

Pressure  Measurements 

Static  pressure  distributions  along  the  afterbody  and  on  the  base 
plane  were  obtained  for  ten  bleed  rates  ranging  from  7  =  0  to  / 
=  0.032.  The  axial  pressure  distribution  of  the  approach  flow  along 
the  afterbody  was  independent  of  the  bleed  rate.  The  approach  static 
pressure  was  also  nearly  constant  in  the  streamwise  direction  at 
P /  Po  =  0.061  ±  0.00 1 ,  yielding  an  isentropic  Mach  number  of  2.47. 
A  slight  rise  in  pressure  approaching  the  base  comer  was  consistent 
on  both  sets  of  diametrically  opposed  pressure  taps,  and  was  most 
probably  due  to  weak  waves  originating  at  the  wind-tunnel  nozzle 
throat  interacting  with  the  boundary  layer  on  the  sting  near  the  base 
plane. 

The  radial  distribution  of  base  pressure  ratio  is  shown  in  Fig.  4 
for  all  ten  bleed  flowrates.  At  any  given  bleed  rate,  the  base  pres¬ 
sure  ratio  profile  is  radially  symmetric  across  the  base  annulus  and 
fairly  independent  of  radial  location,  except  for  a  slight  increase 
near  the  base  comer  in  some  cases.  This  slight  increase  in  base 
pressure  is  probably  due  to  the  sharp  change  in  flow  direction  dur¬ 
ing  entrainment  of  the  low-speed  flow  by  the  high-speed  shear  layer 
near  the  base  comer.  It  is  also  evident  that  the  base  pressure  ratio  ini¬ 
tially  increases  with  bleed  rate  (solid-symbol  cases),  peaks  at  around 
/  =  0.0148,  and  then  decreases  rapidly  as  the  bleed  rate  is  increased 
further  (open-symbol  cases).  This  behavior  is  more  clearly  seen 
when  the  average  base  pressure  ratio,  based  on  the  area-weighted 
average  of  each  profile,  is  plotted  as  a  function  of  the  injection  pa¬ 
rameter  (Fig.  5).  Data  fern  the  blunt  base  and  the  5-dcg  boattailed 
afterbody  results*-^  arc  also  presented  in  this  plot.  The  peak  average 
base  pressure  ratio  of  PblP\  =  0.669  at  /  =  0.0148  is  18.5%  higher 
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Fig.  5  Effect  of  base  bleed  on  area-averaged  base  pressure  ratio. 
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than  the  average  base  pressure  ratio  of  the  blunt-based  cylinder  and 
5.7%  higher  than  that  of  the  boattailed  afterbody.  The  difference 
in  the  average  base  pressure  ratio  between  the  blunt  base‘  and  the 
7  =  0  no-bleed  case  is  discussed  later. 

As  seen  in  Hg.  6,  the  peak  in  the  average  base  pressure  ratio  at 
7  =  0.0148  is  consistent  with  earlier  experiments.^-®  ’  All  of  these 
data  were  obtained  with  bleed  orifices  of  0.4  caliber.  There  are,  how¬ 
ever,  significant  differences  in  the  magnitudes  of  the  base  pressure 
curves.  In  spite  of  operating  at  nearly  the  same  Mach  number,  the 
base  pressure  ratios  of  Ref,  6  arc  noticeably  lower  than  those  of 
the  current  study,  possibly  because  of  interference  from  the  struts 
that  were  used  to  support  their  model.  On  the  other  hand,  data^  at 
Mach  2  are  very  similar  to  the  current  data.  The  difference  in  the 
bleed  nozzle  contours  used  in  the  two  models  could  be  responsible 
for  the  similarity  of  these  data  sets  at  different  Mach  numbers.  The 
model  used  in  the  current  study  (and  by  Ref.  7)  employs  a  con¬ 
toured  converging  nozzle,  whereas  the  orifice  used  in  Ref.  4  was 
preceded  by  a  5-deg  conical  Mach  2.0  nozzle,  similar  to  the  one 
used  in  the  study  of  Ref.  6.  In  addition,  a  thick  boundary  layer  has 
a  base-pressurc-enhancing  effect  similar  to  that  of  base  bleed.  Dif¬ 
ferences  in  the  approach  boundary-layer  thicknesses  of  the  different 
experiments  could  therefore  also  contribute  to  the  discrepancies  dis¬ 
cussed  above.  Although  the  second  peak  in  base  pressure  in  Ref.  7 
is  attributed  to  the  converging  nozzle  preceding  the  bleed  orifice,  no 
secondary  peak  was  observed  in  the  current  investigation.  In  view 
of  the  lower  Mach  number  used  in  the  present  study,  it  is  possible 
that  the  secondary  peak  could  occur  at  a  bleed  rate  higher  than  the 
range  of  the  flowmeter. 

Flow  Visiialtzation 

Spark-schlieren  photographs  and  shadowgraphs,  obtained  with  a 
standard  Z-type  two-mirror  configuration  and  a  1.4-/xs  micropuiscr 
light  source,  were  used  to  confirm  interference-free  operation  and 
to  obtain  qualitative  information  on  the  effect  of  base  bleed  on  the 
near- wake  flowfield.  Schlieren  photographs  using  a  horizontal  knife- 
edge  at  five  different  bleed  rates  arc  shown  in  Fig.  7.  The  absence  of 
any  strong  interference  waves  emanating  from  the  nozzle-cxit/test- 
section  junction  confirms  interference-free  flow  conditions  in  the 
test  section  at  all  of  these  bleed  flow  rates.  At  zero  bleed,  a  strong  re- 
compression  shock  system  is  evident  near  the  rear  stagnation  point. 
As  expected,  the  shear-layer  angle  becomes  flatter,  the  base  cor¬ 
ner  expansion  weakens,  the  wake  widens,  and  the  rccompression 
shocks  become  weaker  as  the  bleed  flow  rate  is  increased  from  zero 
to  7  =  0.0033.  The  recompression  shock  system  seems  to  weaken 
considerably  near  7  =  0.013 1 ,  when  the  blc^  flow  presumably  pro¬ 
vides  most  of  the  fluid  required  for  shear-layer  entrainment  As  the 
bleed  rale  is  increased  further  to  7  =  0.0199,  the  recompression 
shock  system  reappears  slightly  upstream  of  its  earlier  location. 
When  the  bleed  exit  velocity  approaches  sonic  conditions  at  around 
7  =  0.0279,  the  Mach  disk  emanating  from  the  bleed  orifice  in¬ 
teracts  with  the  oblique  recompression  shocks  from  the  outer  flow 
and  forms  a  fairly  complex  shock  system.  This  shock  system  also 
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appears  to  be  highly  unsteady,  as  indicated  by  imaging  the  flowfield 
on  a  screen  and  by  visual  inspection  of  a  series  of  photographs  at  this 
bleed  rate.  The  horizontal  knife-edge  makes  it  difficult  to  discern 
the  vertical  Mach  disk  in  the  schlieren  photographs;  however,  it  is 
clearly  visible  in  shadowgraphs  taken  at  the  high  bleed  rate.  The 
axisymmetric  nature  of  the  flow  also  causes  smearing  of  the  flow 
features  due  to  line-of-sight  integration  effects. 

A  parametric  study  of  the  mean  axial  velocity  and  turbulence 
quantities  along  the  centerline  has  been  performed  using  LDV.  The 
approach  flowfield  and  boundary  layer  and  the  flow  conditions  at 
the  exit  of  the  bleed  jet  have  also  been  documented  for  the  five 
bleed  cases  studied.  Care  was  taken  to  match  data  rates  at  the 
ffeestream  and  bleed  flow  nozzle  exits,  in  an  effort  to  minimize 
particle  concentration  bias  errors.  Post-facto  corrections  for  veloc¬ 
ity  bias  were  made  using  the  interarrival  time  weighting  method, 
which  has  been  shown^^  to  be  the  most  reliable  technique  for  high¬ 
speed  separated  flows. 

The  freestream  approach  flow  was  found  to  be  uniform  and  inde¬ 
pendent  of  the  bleed  rate.  The  mean  freestream  approach  velocity 
was  found  to  be  574  m/s  with  0.3%  variation  between  the  different 
bleed  cases.  The  mean  Mach  number  based  on  adiabatic  expansion 
from  the  tunnel  stagnation  temperature  to  the  freestream  velocity 
was  2.45,  in  close  agreement  with  the  isentropic  value  of  2.47  based 
on  pressure  measurements.  The  unit  Reynolds  number  was  calcu¬ 
lated  to  be  45  X  10^  m~‘  at  the  nozzle  exit  Approach  boundary- 
layer  mean  velocity  profiles  for  all  bleed  cases  were  similar,  as 
seen  in  Fig.  8.  Curve  fits^*^  of  these  profiles  were  used  to  deter¬ 
mine  boundary-layer  parameters  such  as  integral  thicknesses  and 
skin-friction  coefficient.  These  results  (mean  values  and  percent¬ 
age  variations  over  the  five  bleed  cases)  arc  presented  in  Table  1. 
The  thicknesses  and  the  friction  velocity  have  been  normalized  by 
the  afterbody  radius  and  the  freestream  velocity,  respectively.  Rather 
large  variations  in  the  computed  parameters  (between  the  different 
bleed  cases)  are  due  to  the  sensitivity  of  the  curve  fit  to  accurate  y- 
position  determination  (limited  to  ±0.1  mm  due  to  hysteresis  of  the 
traverse  table).  The  axial  turbulence  intensity  and  Reynolds  shear 
stress  distributions  in  the  boundary  layer  collapse  very  well  for  the 
different  bleed  rates,  as  seen  in  Figs.  9  and  10.  As  expected,  the  mag¬ 
nitudes  of  these  quantities  are  high  in  the  boundary  layer,  dropping 
rapidly  to  low  values  in  the  freestream. 

Radial  traverses  performed  1.5  mm  downstream  of  the  bleed  exit 
plane  show  uniform  velocity  distributions  in  the  bleed  flow,  as  seen 


Table  1  Approach 
boundary-layer  properties 


S/Ro 

0.102  ±  1.6% 

S-/Ro 

0.0241  ±  6.8% 

e/Ro 

0.00682  ±  6.0% 

H 

3.53  ±  1.1% 

n 

0.768  ±  17% 

0.00170  ±  4.7% 

Ur/U\ 

0.0414  ±2.3% 
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Fig.  8  Approach  boundary-layer  mean  velocity  profiles  (x//?o  = 
-0.157). 
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Fig.  9  Streamwise  turbulence  intensity  distributions  in  approach 
boundary  layer. 
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Fig.  10  Reynolds  shear  stress  distributions  in  approach  boundary 
layer. 


Fig.  11  Mean  axial  velocity  distributions  at  bleed  orifice  exit  (x/Rjet  = 
0.118; /Jjet/«o  =  0.4). 


in  Fig.  11.  The  effect  of  the  compliant  (open)  boundary  presented 
by  the  bleed  hole  can  be  seen  for  the  bleed-off  case.  There  is  a 
mean  inflow  into  the  base  along  the  centerline,  and  a  mean  outflow 
along  the  periphery  of  the  bleed  orifice.  Bimodal  velocity  histograms 
were  observed  at  all  radial  locations  for  the  no-bleed  case,  indicating 
large-scale  turbulence  interaction  between  the  recirculation  region 
and  the  long  passive  cavity  presented  by  the  bleed  hole  and  the 
hollow  sting.  The  5%  difference  in  the  average  base  pressure  ratio 
between  the  blunt  base^  and  the  /  =  0  case  (Fig.  5)  could  be  due  to 
this  compliant  boundary  effect 

The  effect  of  base  bleed  on  the  mean  axial  velocity  distribution 
along  the  centerline  can  be  seen  in  Fig.  12.  In  all  cases,  the  mea¬ 
sured  radial  velocity  component  was  less  than  2%  of  Uu  and  the 
Reynolds  shear  stresses  were  nearly  zero,  confirming  that  the  LDV 
measurement  volume  was  located  at  the  centerline  of  the  flowfield. 
For  the  no-bleed  case,  the  peak  reverse  velocity  (30%  of  C/i)  and 
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x/R^ 


Fig.  12  Mean  axial  velocities  along  the  centerline. 
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Fig.  13  Axial  turbulence  intensities  along  the  centerline. 

the  rear  stagnation  point  occur  1 .5  and  2.8  base  radii  downstream  of 
the  base,  respectively.  These  results  arc  nearly  identical  to  measure¬ 
ments  done  with  a  blunt  base.*  At  the  base  planeXx  =  0),  however, 
the  extrapolated  axial  velocity  is  nonzero  and  negative,  due  to  the 
compliant-boundary  effect  discussed  above.  As  the  bleed  rate  is  in¬ 
creased,  the  bleed  jet  exit  velocity  increases,  causing  a  downstream 
shift  of  the  forward  stagnation  point  where  the  bleed  flow  and  re¬ 
verse  flow  meet.  This  downstream  shift  of  the  forward  stagnation 
point  with  increasing  bleed  rate  has  the  effect  of  diminishing  the 
size  of  the  recirculation  region,  since  the  rear  stagnation  point  loca¬ 
tion  is  nearly  constant  at  x//?o  ==  3.2  (note  that  this  position  for  the 
bleed-on  cases  is  shifted  relative  to  the  bleed-off  case).  The  peak 
reverse  velocity  location  occurs  progressively  downstream,  and  its 
magnitude  decreases  with  increasing  bleed.  At  7  =  0.0148,  the  op¬ 
timum  bleed  rate  from  a  base  pressure  viewpoint,  the  recirculation 
region  along  the  centerline  almost  disappears.  No  reverse  velocity 
is  detected  along  the  centerline  for  the  /  =  0.0226  case,  indicating 
penetration  of  the  bleed  jet  into  the  reattachment  zone.  The  velocity 
profiles  for  the  bleed-on  cases  become  similar  for  x/R^)  >  3,  the 
wake  redevelopment  region. 

Bgures  13  and  14  present  the  axial  and  radial  turbulence  intensity 
distributions  along  the  centerline.  For  each  bleed  case  (except  I  = 
0.0226),  two  peaks  are  observed  in  the  distribution  of  turbulence 
intensity.  The  first  peak  occurs  at  the  forward  stagnation  point  be¬ 
cause  of  the  change  in  flow  direction  from  axial  to  radial  when  the 
bleed  flow  meets  the  reverse  flow  in  the  recirculation  region.  The 
magnitude  of  this  peak  is  seen  to  decrease  with  increasing  bleed 
rate,  because  of  the  smaller  influence  of  the  diminishing  recircula¬ 
tion  region.  The  second  peak  occurs  at  the  rear  stagnation  point  due 
to  reattachment  phenomena.  The  influence  of  the  flow  mechanisms 
occurring  at  bo^  stagnation  points  is  much  stronger  in  the  axial 
direction.  Consequently,  the  peaks  in  the  radial  turbulence  inten¬ 
sity  distributions  are  not  as  pronounced  as  the  axial  intensity  peaks. 
At  the  higher  bleed  rates,  the  bleed  flow  penetrates  further  into  the 
wake,  accounting  for  the  low  centerline  tu^ulence  intensities  seen  in 
Rgs.  13  and  14  for  these  cases.  Anisotropy  of  the  turbulent  normal 


Fig.  14  Radial  turbiilenee  intensities  along  the  centerline. 
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Fig.  15  Ttarbulent  kinetic  energy  distributions  along  the  centerline. 

stress  along  the  centerline  is  also  evident  from  the  differences  in 
the  axial  and  radial  turbulence  intensity  profiles.  Hgure  15  shows 
the  centerline  distribution  of  turbulent  Idnetic  energy,  calculated 
using 

fc  =  0.5(a3  +  2flrJ,)  (1) 

The  occurrence  of  the  peak  energy  magnitudes  at  the  stagnation 
points,  and  likewise  the  decreasing  energy  levels  with  increasing 
bleed  rate,  arc  similar  to  those  discussed  for  the  turbulence  intensity 
distributions. 

Conclusions 

An  experimental  investigation  has  been  conducted  to  study  the 
effects  of  base  bleed  on  the  near-wake  flowfield  of  a  cylindrical 
afterbody  in  supersonic  flow.  Data  have  been  obtained  using  static 
pressure  measurements,  schlieren  and  shadowgraph  photography, 
and  LDV  traverses  along  the  centerline.  Results  incticate  nearly  uni¬ 
form  radial  pressure  profiles  across  the  base  plane.  With  increasing 
bleed  flow  rate,  the  average  base  pressure  is  found  to  increase  ini¬ 
tially,  attain  a  peak  value,  and  then  decrease  with  further  increase  in 
the  injection  parameter,  /.  The  approach  flowfield  upstream  of  sep¬ 
aration  is  uiu^ected  by  the  bleed  rate.  An  increase  in  the  bleed  rate 
is  accompanied  by  the  diminishing  size  and  intensity  of  the  recircu¬ 
lation  region  (due  to  the  downstream  displacement  of  the  forward 
stagnation  point)  and  a  decrease  in  the  p^  axial  and  radial  turbu¬ 
lence  intensities  at  the  forward  stagnation  point.  Near  the  optimum 
bleed  rate  of  7  =  0.0148,  the  base  pressure  is  maximized,  and  the 
flowfield  is  characterized  by  the  widening  of  the  wake,  flattening  of 
the  shear-layer  angle,  and  the  near-disappearance  of  reverse  velocity 
along  the  centerline. 
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Two-compoDent  laser  Doppler  yelocimetry  was  used  to  obtain  detailed  mean  velocity  and  turbulence  measure¬ 
ments  in  the  near  wake  of  a  cylindrical  afterbody  with  base  bleed  in  a  Mach  2S  how.  The  bleed  flow  provides  at 
least  some  of  the  fluid  required  for  shear  layer  entrainment  and  shields  the  base  annulus  from  the  outer  shear 
layer  and  the  primary  recirculation  region,  leading  to  an  increase  in  base  pressure.  There  is  an  overall  reduction 
in  turbulence  levels  throughout  the  base  bleed  flowfields  relative  to  the  near-wake  flowfields  of  blunt-based  and 
boattailed  afterbodies.  With  increasing  bleed,  the  formation  of  a  strong  bleed  jet  shear  layer  and  secondary  recir¬ 
culation  region  near  the  base  annulus  offsets  the  braefits  of  base  bleed,  leading  to  a  drop  in  the  base  pressure.  The 
net  benefits  of  base  bleed  are  maximized  at  the  optimum  bleed  condition,  which  corresponds  to  the  highest  base 
pressure,  the  disappearance  of  the  primary  redrculation  region,  and  the  lowest  turbulence  levels  in  the  near^wake 
fiowfield.  Increased  benefits  firom  base  bleed  could  be  achieved  by  injecting  the  bleed  fluid  at  the  lowest  possible 
velocity  through  the  use  of  larger  bleed  orifices,  porous  bases,  or  bleed  orifices  located  along  the  outer  base  aimulus. 


Nomenclature 

Ab  =  base  area, 

I  =  injection  parameter,  (m wccd/Pi  ) 

k  =  turbulent  kinetic  energy,  m^/s^ 

Af  =  Mach  number 

^biced  =  bleed  mass  flow  rate,  kg/s 

P  =  pressure,  kPa 

/?jet  =  bleed  j  et  radius,  mm 

Ro  =  afterbody  radius,  mm 

r  =  radial  coordinate,  mm 

S  =:  Stagnation  point  (location  of  C/  =  0  along  the  axis 

of  symmetry) 

To  =  wind-tunnel  stagnation  temperature;  K 

U  =  mean  axial  velocity,  m/s 

Ui  -  freestream  approach  velocity,  m/s 

u'  =  instantaneous  axial  velocity  fluctuation,  m/s 

Vr  =  mean  radial  velocity,  m/s 

V,  =  mean  tangential  velocity,  m/s 

u'  s=  instantaneous  radial  velocity  fluctuation,  m/s 

Vj  =  instantaneous  tangential  velocity  fluctuation,  m/s 

X  =  axial  (streamwise)  position  relative  to  the  base 

plane,  mm 

p  =  density,  kg/m^ 

(Tu  =  axial  rms  velocity  fluctuation,  m/s 

(Tvr  =  radial  rms  velocity  fluctuation,  m/s 

(Tvt  =  tangential  rms  velocity  fluctuation,  m/s 

{ >  =  ensemble-averaged  vidue 

Subscripts 

b  =base 

/  =  forward 

r  =  radial  component  or  rear 

t  =  tangential  (swirl)  component 

0  =:  stagnation  or  afterbody 

1  -  freestream  approach  conditions 
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Introduction 

ERODYNAMIC  vehicles  such  as  missiles,  rockets,  and  projec¬ 
tiles  suffer  significant  base  drag  as  a  result  of  flow  separation 
at  the  base  comer  and  the  formation  of  a  low-pressure,  low-speed  re¬ 
circulation  region  near  the  base.  Because  of  a  lack  of  understanding 
of  the  fluid  dynamic  interactions  occurring  in  the  near-wake  base 
region,  drag-reducing  techniques  such  as  boattailing,  base  burning, 
and  base  bleed  have  tradidondly  been  applied  in  an  empirical  man¬ 
ner  to  improve  flight  performance.  The  advent  of  laser-based  optical 
flow  diagnostic  techniques  in  recent  years  has  provided  nonintrusive 
means  to  gain  deeper  insight  into  these  complex  flowfields.  The  first 
known  study  of  base  flows  using  these  techniques  was  performed  on 
cylindrical,  boattailed,  and  flared  afterbodies  with  supersonic  central 
jets  in  a  Mach  0.85  freestream.^  A  detailed  investigation  of  super¬ 
sonic  axisymmetric  base  flows  including  the  effects  of  afterbody 
boattailing  was  completed  recently,^*  ^  and  a  study  of  the  effects  of 
base  bleed  has  been  initiated  by  the  present  au^ors  as  a  logical 
extension.'* 

Hgure  1  is  a  schematic  of  a  blunt  cylindrical  body  with  base 
bleed,  aligned  in  a  supersonic  flow.  The  supersonic  freestream  flow 
expands  at  the  base  comer  and  the  turbulent  boundary  layer  separates 
and  forms  a  free  shear  layer  that  eventually  undergoes  recompres¬ 
sion,  realignment,  and  redevelopment  in  the  wake  of  the  afterbody. 
The  primary  recirculation  region  (PRR)  is  formed  as  the  fluid  from 
the  region  adjacent  to  the  base  is  entrained  and  accelerated  by  the 
outer  shear  layer  and  subsequently  returned  to  the  base  region  by 
a  recompression  shock  system.  With  base  bleed,  low-speed  fluid 
is  introduced  into  the  base  region  causing  a  downstream  displace¬ 
ment  of  the  PRR  and  the  appearance  of  a  forward  stagnation  point 
whose  location  depends  on  the  relative  strengths  of  the  bleed  jet  and 
the  recirculating  fluid.  The  nondimensional  injection  parameter  /, 


Fig.  1  Schematic  of  the  near-wake  fiowfield  with  base  bleed. 
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defined  as  the  bleed  mass  flow  rate  nonnalized  by  the  product  of 
the  ffeestream  mass  flux  and  base  area,  is  used  to  quantify  the  base 
bleed  in  the  current  study  and  in  most  other  experiment^  studies. 
Unlike  the  generalized  injection  coefficient,^  the  injection  param¬ 
eter  1  does  not  account  for  the  approach  boundaiy-layer  thickness 
and  the  bleed  flow  momentum,  both  of  which  have  b^n  theorized 
to  affect  the  base  pressure  in  a  manner  analogous  to  base  bleed. 

Experiments  performed  by  several  researchers^"*®  to  study  the 
effect  of  bleed  mass  flow  rate  on  the  base  pressure  ratio  (P^/A) 
exhibit  certain  common  characteristics  and  indicate  three  distina 
operating  regimes  based  on  the  quantity  of  bleed  fluid  injected.  At 
low  values  of  /  (regime  1),  the  base  pressure  ratio  increases  fairly 
linearly  with  bleed  rate.  A  peak  in  the  base  pressure  ratio  is  observed 
at  an  intermediate  value  of  /  (near  /  =  0.01  for  air).  Increases  in 
base  pressure  ratio  (relative  to  the  no-bleed  case)  from  10  to  90% 
have  been  reported  for  the  optimum  bleed  condition,  which  depends 
on  factors  such  as  the  ffeestream  Mach  number  and  the  size  and 
geometry  of  the  bleed  orifice.  Past  the  optimum  value  (regime  2), 
the  base  pressure  ratio  decreases  with  increasing  bleed  rate  until  it 
reaches  a  relative  minimum.  Further  increase  in  the  bleed  flow  leads 
to  an  increase  in  base  pressure  ratio  (regime  3)  due  to  the  onset  of 
power-on  flow  conditions. 

Over  the  past  few  decades,  the  effects  on  base  pressure  ratio  of 
other  bleed  parameters  such  as  the  bleed  jet  exit  area,^‘^*^**  bleed 
gas  molecular  weight*  *  •  *^  (relative  to  the  ffeestream  gas),  and  bleed 
gas  temperature*^  have  also  been  investigated.  Key  results  from 
these  investigations  have  been  summarized  in  Ref.  4.  Most  of  the 
preceding  experimental  investigations  were  carried  out  before  the 
development  of  reliable  nonintrusive  diagnostic  methods,  and  their 
scope  was  primarily  limited  to  determining  the  global  influence  of 
various  ble^  parameters  on  base  pressure.  Therefore,  although  the 
effectiveness  of  base  bleed  as  a  drag-reducing  technique  is  well 
known,  the  details  of  the  fluid  dynamic  interactions  caused  by  base 
bleed  are  not  clearly  understood  because  of  a  lack  of  detailed  flow- 
field  data. 

Analytical  models  based  on  an  empirical  component-type 
approach*^  have  been  fairly  successful  in  predicting  the  qualitative 
effects  of  mass  bleed  on  base  pressure.*^’*®  One  of  the  drawbacks 
of  these  models  is  that  they  only  represent  the  base  bleed  flow- 
field  in  a  time-mean  sense  and  cannot  account  for  its  instantaneous 
turbulent  nature.  Computations  of  the  base  bleed  flowfield*^"^  us¬ 
ing  the  Reynolds-averaged  Navier-Stokes  (RANS)  equations  have 
also  had  some  degree  of  success  in  predicting  both  qualitative  and 
quantitative  base  pressure  trends  and  in  capturing  flowfield  struc¬ 
ture  details.  Of  particular  interest  are  the  recent  RANS  predictions 
of  Sahu  and  Hcavey^  for  the  same  geometry  and  flow  conditions 
presented  here.  Their  computations  of  base  pressure  distributions 
agreed  very  well  with  the  current  experiments,  although  agreement 
between  predictions  and  measurements  for  some  mean  velocity  and 
especially  turbulence  quantities  was  not  so  favorable.  In  general, 
numerical  predictions  are  currently  limited  by  turbulence  modeling 
issues,  such  as  compressibility  and  streamline  curvature  effects,  as 
well  as  insufficient  grid  resolution  and  lack  of  detailed  experimental 
data  for  validation.^ 

As  shown  in  Rg.  2,  earlier  experiments  with  base  bleed  by  the 
current  authors*  have  confirmed  the  base  pressure  ratio  variation 
with  bleed  mass  flow  rate  (as  discussed  earHer)  in  regimes  1  and  2, 
indicating  a  peak  base  pressure  ratio  at  an  injection  parameter  value 
of  7  =  0.0148.  The  peak  area-averaged  base  pressure  ratio  at  this 


optimum  bleed  rate  was  18.5%  higher  than  the  average  base  pres¬ 
sure  ratio  of  a  blunt-based  afterbody.^  (Qualitative  flowfield  features 
such  as  flattening  of  the  shear  layer  angle,  widening  of  the  wake, 
and  weakening  of  the  base  comer  expansion  with  increasing  bleed 
rate  in  regime  1  were  confirmed  using  schlieren  and  shadowgraph 
photography.  Axial  traverses  along  the  near-wake  centeriine  using 
two-component  laser  Doppler  velocimetry  (LDV)  at  several  bleed 
rates  show  the  PRR  decreasing  in  size  with  increasing  bleed  rate 
and  nearly  disappearing  at  the  optimum  bleed  rate.  Peaks  in  the  tur¬ 
bulent  kinetic  eneigy  (and  the  individual  axial  and  radial  turbulence 
intensities)  were  observed  at  the  forward  and  rear  stagnation  point 
locations  along  the  centerline,  with  the  magnitudes  of  the  peaks 
decreasing  with  increasing  bleed  rate. 

The  primary  objectives  of  the  research  presented  here  arc  to  obtain 
detailed  mean  velocity  and  turbulence  field  data  in  the  entire  near¬ 
wake  region  of  a  cylindrical  afterbody  with  base  bleed  in  supersonic 
flow  and  to  identify  the  dominant  fluid  dynamic  mechanisms  inher¬ 
ent  in  this  complex  flow.  Since  no  known  detailed  measurements  of 
the  base  bleed  flowfield  have  been  made  prior  to  these,  the  measure¬ 
ments  described  here  provide  benchmark  data  that  will  enhance  the 
overall  understanding  of  base  flow  phenomena  and  will  also  serve 
to  validate  modeling  and  computational  efforts  in  this  field. 

Experimental  Facilities  and  Procedures 

The  experiments  described  were  conducted  in  a  supersonic, 
blowdown-type  wind  tunnel  at  the  University  of  Illinois  Gas  Dy¬ 
namics  Laboratory  designed  solely  for  the  study  of  axisymmet- 
ric  base  flows.  As  shown  in  Fig.  3,  high-pressure  air  from  a  tank 
farm  enters  the  top  of  the  stagnation  chamber,  passes  through  a 
screen-honeycomb-screcn  flow  conditioning  module,  and  expands 
to  supersonic  conditions  in  the  test  section  through  an  annular 
converging-diverging  nozzle.  The  air  then  exits  through  a  coni¬ 
cal  diffuser,  silencing  ducts,  and  a  muffler  to  the  atmosphere.  TNvo 
square  side  windows  provide  optical  access  to  the  near-wake  flow- 
field.  The  afterbody  model  is  mounted  at  the  end  of  a  hollow  sting, 
which  is  supported  at  two  axial  locations  upstream  of  the  nozzle 
entrance  to  avoid  support  disturbances  in  the  flowfield.  The  mean 
Mach  number  approaching  the  afterbody  is  2.47,  the  unit  Reynolds 
number  is  46  (10^)  m"*,  and  the  frcestream  turbulence  intensity  is 
less  than  1  %.  A  detailed  description  of  the  wind-tunnel  design  is  pro¬ 
vided  in  Ref.  24.  The  63.5-mm-diam  cylindrical  afterbody  contains 
a  25.4-mm-diam  bleed  orifice  preceded  by  an  elliptically  contoured 
section  to  ensure  a  uniform  velocity  profile  for  the  bleed  flow  exiting 
the  base,  A  stainless  steel  bleed  line  constructed  with  50.8-nim-diam 
pipe  sections,  a  contoured  inlet  and  screen,  an  electronic  flowmeter, 
and  valves  facilitates  conditioning,  measurement,  and  control  of  the 
bleed  flow.  Since  the  base  pressure  is  significantly  subatmospheric, 
ambient  air  is  an  adequate  source  for  the  bleed  air  supply.  Details  of 
the  base  bleed  afterbody  and  the  bleed  line  design  are  provided  in 
Ref.  4 

The  two-component  LDV  system  used  for  the  current  experi¬ 
ments  is  identical  to  the  setup  used  in  earlier  experiments.*  The 
nominal  fringe  spacings  are  10.4  and  11.2  /im  for  the  blue  and 
green  beams,  respectively.  The  measurement  volume  diameter  and 


Fig.  2  Effect  of  base  bleed  on  area-averaged  base  pressure  ratio. 


Fig.  3  Azisymmetric  wind  tunnel  and  base  bleed  facility. 
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Table  1  Experimental  flow  conditions  and  geometry 


Tunnel  stagnation  pressure  Po,  kPa 

470  ±4 

Freestream  static  pressure  P\ .  kPa 

28.7  ±0.3 

Approach  Mach  number  based  on  pressure  data 

2.47  ±  0.01 

Turmel  stagnation  temperature  7^,  K 

300  ±2 

Approach  velocity  measured  witii  LDV  IJ\ ,  m/s 

574±3 

Approach  Mach  number  based  on  To  and  V\ 

2.46  ±0.03 

Freestream  unit  Reynolds  number,  m"^ 

46  ±1(10^) 

Bleed  flow  stagnation  temperature  7o.bieed»  K 

293  ±2 

Base  radius  Rq,  mm 

31.75  ±0.05 

Bleed  orifice  radius  Ry^u  mm 

12.70  ±0.05 

Fig.  4  LDV  measurement  locations,  I  s  0.0113  (case  B). 

effective  length  are  120  and  730  /im,  respectively.  The  beam  pairs 
are  oriented  at  ±45  deg  to  the  mean  flow  direction.  Bragg  cells 
provide  40-MHz  upstream  frequency  shifting  to  discriminate  flow 
direction  and  reduce  fringe  blindness.  Light  scattered  by  particles 
crossing  the  measurement  volume  is  collected  by  receiving  optics 
and  photomultiplier  tubes  located  in  a  20-deg  forward  scatter  direc¬ 
tion  and  converted  to  an  analog  voltage.  A  digital  burst  correlator 
processes  this  voltage  signal  and  provides  frequency  and,  hence, 
velocity  information.  The  freestream  and  bleed  flows  are  seeded 
with  silicone  oil  droplets  (nominal  mean  diameter  =  0.8  fim)  pro¬ 
vided  by  a  six-jet  atomizer.  Three  seed  tubes  for  the  freestream  flow 
are  located  just  downstream  of  the  flow  conditioning  module  and 
are  arranged  120  deg  apart  circumferentially.  The  seed  tube  for  the 
bleed  flow  is  located  just  downstream  of  the  control  valves  in  the 
bleed  line.  Since  the  two  flow  streams  are  independently  seeded, 
care  was  taken  to  match  data  rates  at  the  freestream  and  the  bleed 
jet  nozzle  exits  in  an  effort  to  minimize  errors  because  of  particle 
concentration  bias. 

Because  of  the  axisymmetric  nature  of  the  flowfield,  radial  tra¬ 
verses  in  two  perpendicular  planes  (vertical  and  horizontal)  passing 
through  the  axis  of  symmetry  were  used  to  measure  the  three  mean 
velocity  components  (U,  K,  and  V;),  the  three  Reynolds  normal 
stresses  crj^,  and  and  two  of  the  three  Reynolds  shear 
stresses  ((«'v')  and  (u!v[)).  Figure  4  shows  a  typical  LDV  measure¬ 
ment  grid  consisting  of  approximately  1200  spatial  locations;  each 
spatial  location  represents  an  ensemble  of  4096  two-component  in¬ 
stantaneous  velocity  realizations.  The  data  obtained  from  the  S-18 
spatial  locations  traversed  radially  during  each  blowdown  Qasting 
40-50  s)  were  processed  to  obtain  velocity,  turbulence  intensity,  and 
shear  stress  profiles.  This  information  was  used  to  adapt  the  mea¬ 
surement  grid  for  subsequent  tunnel  runs.  For  each  ble^  case,  the 
measurement  grid  was  concentrated  in  regions  of  high-velocity  gra¬ 
dients,  such  as  the  outer  shear  layer,  the  base  comer,  and  the  bleed 
jet  shear  layer.  To  provide  a  measure  of  repeatability  between  tunnel 
rans,  LDV  measurements  during  each  blowdown  were  started  at  the 
spatial  location  at  which  the  final  measurements  were  made  during 
the  previous  blowdown. 

An  error  analysis  of  the  LDV  measurements^  has  estimated  the 
worst-case  uncertainties  in  the  mean  velocity  and  the  rms  velocity 
fluctuations  to  be  1.2  and  2.3%  of  Uu  respectively  {U\  =  574  m/s 
in  the  current  experiments).  Just  downstream  of  separation,  a  worst 
case  rms  error  of  6%  because  of  particle  lag  was  estimated.  This  error 
drops  to  1 .7  %  one  afterbody  radius  downstream  of  the  base  plane  and 
continues  to  decrease  further  downstream.  Post  facto  velocity  bias 
corrections  were  made  for  all  of  the  LDV  data  using  the  interarrival 
time  weighting  technique.  This  method  has  been  shown^  to  be  the 
most  reliable  technique  for  high-speed  separated  flows  such  as  those 
described  here.  Prior  studies  in  similar  flows  have  shown  the  effects 
of  fringe  bias  to  be  negligible;  hence  the  data  presented  here  have 
not  been  corrected  for  fringe  biasing. 

Results 

The  experimental  flow  conditions  and  geometry  are  listed  in 
Table  1 .  The  uncertainties  in  the  table  are  estimated  using  the  small- 
sample  method^^  with  assumed  20: 1  odds.  These  uncertainty  values 
reflect  the  variations  (two  standard  deviations)  based  on  repeated 
measurements  at  various  bleed  rates  for  the  primary  variables  such 
as  pressure,  temperature,  and  velocity.  For  the  deriv^  quantities,  the 
error-propagation  procedure  of  the  small-sample  method  is  used  to 
estimate  iht  uncertainty  at  the  same  20: 1  odds.  Machining  tolerances 


are  used  as  an  indicator  of  uncertainty  for  the  geometric  dimensions. 
Earlier  experiments^  indicate  uniform  flow  conditions  at  the  wind 
tunnel  nozzle  exit  and  at  the  exit  of  the  bleed  jet  at  various  bleed 
rates.  The  fteestream  approach  flow  conditions  were  found  to  be 
repeatable  (to  within  the  variations  shown  in  Table  1)  from  one  run 
to  the  next  and  were  also  independent  of  the  bleed  rate.  For  the  de¬ 
tailed  measurements  described  in  this  paper,  three  bleed  flow  rates 
with  injection  parameter  values  of  /  =  0.0038  (case  A),  0.0113 
(case  B),  and  0.0226  (case  Q  were  selected  to  investigate  the  entire 
near-wake  flowfield  under  low  bleed,  slightly  suboptimal  bleed,  and 
slightly  postoptimal  bleed  conditions,  respectively  (see  Fig.  2).  The 
optimum  bleed  rate  was  not  chosen  because  the  near  disappearance 
of  the  PRR  at  this  bleed  rate  (as  indicated  by  prior  measurements^) 
could  make  spatial  resolution  in  that  part  of  ^e  flowfield  difficulL 
The  suboptimal  bleed  rates  spanned  by  cases  A  and  B  represent  the 
operating  range  of  most  practical  base  bleed  projectiles. 

Note  that  the  injection  parameter  values  used  here  are  based  on 
the  direct  output  from  the  electronic  mass  flowmeter  and  do  not  ac¬ 
count  for  the  following:  1 )  the  carrier  air  with  the  LDV  seed  particles 
in  the  bleed  line,  injected  downstream  of  the  flowmeter,  adds  an  es¬ 
timated  I  =  0.0004  to  the  measured  primary  bleed  flow;  and  2)  no 
attempt  was  made  to  correct  for  the  drift  in  the  flowmeter  calibration 
(estimated  to  be  a  maximum  of  10%)  as  a  result  of  gradual  sensor 
degradation  over  the  two-year  span  of  the  base  bleed  experiments. 
The  effect  of  this  drift  was  considered  negligible  because  the  mean 
flow  and  turbulence  data  from  the  centerline  measurements^  made 
nearly  one  year  before  the  current  experiments  were  found  to  be 
virtu^y  identical  to  the  current  detailed  measurements  at  r  =  0 
for  the  same  injection  parameter  values.  The  following  sections 
briefly  describe  the  key  results  obtained  from  the  near-wake  LDV 
measurements. 

Near-Wake  Mean  Velocity  Measurements 

Figure  5  shows  the  mean  velocity  vector  fields  in  the  near-wake 
region  of  the  flowfield.  The  gray  scale  insets  show  mean  flow  stream¬ 
lines  computed  using  the  incompressible  axisymmetric  stream  func¬ 
tion  definition  (i.e.,  by  integrating  the  measured  mean  velocity  field). 
The  lack  of  density  information  in  this  compressible  flow  makes 
these  streamlines  somewhat  qualitative  in  nature,  although  they  pro¬ 
vide  a  reasonably  accurate  representation  of  the  base  flow  topology. 
In  this  figure  and  in  all  subsequent  figures,  the  vertical  scale  has  been 
expanded  by  42%  (relative  to  the  horizontal  scale)  to  display  the 
flowfield  features  clearly.  The  data  from  the  nonuniform  measure¬ 
ment  grids  have  been  transformed  to  uniform  grids  with  resolution 
equal  to  the  minimum  spacings  of  the  corresponding  experimental 
grids  in  each  direction.  The  uniform  grids  are  then  filled  by  linear 
interpolation  between  the  experimental  values  and  are  subsequently 
used  to  generate  the  vector  and  contour  plots  shown  here. 

The  main  features  of  the  flowfield,  the  turning  of  the  flow  through 
the  base  comer  expansion,  the  PRR  (cases  A  and  B),  the  bleed  jet, 
and  the  secondary  recirculation  region  (SRR)  between  the  bleed 
jet  and  the  outer  shear  layer  (cases  B  and  C),  are  clearly  visible  in 
Fig.  5.  The  mean  freestream  flow  angles  downstream  of  the  base 
comer  for  each  case  are  consistent  with  the  Prandtl-Meyer  turning 
angle  based  on  the  measured  base  pressure  ratio  and  the  approach 
freestream  Mach  number  of  2.47. 

With  increasing  bleed  flow  the  size  and  strength  of  the  PRR 
(bounded  in  the  axial  direction  by  the  forward  and  rear  stagnation 
points  S f  and  Sr,  respectively)  decrease  (case  A  to  B)  until  it  finally 
disappears  (case  C)  as  the  bleed  flow  penetrates  the  outer  shear  layer 
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a)  7  =  0.0038  (case  A) 


b)  7  =  0.0113  (case  B) 


c)  7  =  0.0226  (case  a 


Fig.  5  Mean  velocity  vector  field  (mean  flow  streamlines  shown  in  in> 
sets). 

reattachment  region.  In  addition,  the  forward  stagnation  point  is  dis¬ 
placed  progressively  downstream  of  the  base  plane,  and  the  radial 
extent  of  the  forward  portion  of  the  PRR  decreases  (case  A  to  B). 
These  observations  confirm  earlier  predictions  based  on  near-wake 
centerline  measurements.'*  With  increasing  bleed,  the  SRR  near  the 
base  annulus  becomes  more  evident.  Much  of  the  reverse  flow  in  the 
PRR  is  oriented  parallel  to  the  axis  of  symmetry  (cases  A  and  B). 
This  is  in  contrast  to  the  blunt  base^  and  boattail^^  afterbody  cases 
where  much  of  the  recirculating  flow  is  directed  towards  the  point 
of  separation  (the  base  comer),  similar  to  the  SRR  in  the  current 
cases.  The  downstream  shift  of  the  rear  stagnation  point  locations 
(Sr  dXx/Ra  =  2.65,  3.08,  and  3.25  for  the  blunt  base,^  case  A,  and 
case  B,  respectively)  is  consistent  with  the  increase  in  base  pressure 
with  base  bleed. 

The  vector  plots  in  Fig.  5  show  that  the  bleed  flow  provides  at 
least  a  portion  of  the  fluid  required  for  entrainment  by  the  outer 
shear  layer  and  shields  the  base  annulus  from  the  shear  layer  and  the 
PRR,  resulting  in  increased  base  pressures.  However,  the  increased 
strength  of  the  SRR  near  the  base  annulus  and  the  increased  entrain¬ 
ment  by  the  inner  bleed  jet  shear  layer  at  higher  bleed  rates  offset 
the  aforementioned  benefits.  As  shown  in  Fig.  2,  at  the  low-bleed 
conditions  corresponding  to  case  A,  the  rate  of  pressure  increase 
is  very  high.  As  the  bleed  rate  is  increased,  the  detrimental  effects 
of  the  low-pressure  SRR  and  entrainment  by  the  inner  shear  layer 
become  stronger,  and  the  rate  of  pressure  rise  decreases.  This  trend 
continues  until  the  optimum  bleed  condition  is  reached  where  the 
maximum  net  benefits  of  base  bleed  are  achieved.  As  the  bleed  rate 
increases  past  the  optimum  value,  the  base  pressure  starts  decreas¬ 
ing  because  of  the  overwhelming  influence  of  the  bleed  jet  shear 
layer  and  the  SRR. 

Mean  axial  velocity  contours  are  shown  in  Fig.  6.  The  rapid 
growth  of  the  outer  shear  layer  is  evident  from  the  divergence  of 
the  contour  lines  with  downstream  distance  from  the  base  comer. 
Because  of  the  presence  of  the  bleed  jet  and  the  accompanying  SRR, 
the  mean  axial  velocity  fields  are  quite  different  from  the  blunt  base 
flowfield.-  In  cases  B  and  C,  the  bleed  jet  velocity  profiles  remain 
uniform  through  a  significant  axial  extent  downstream  of  the  base 


Fig.  6  Mean  axial  velocity  field:  UfV\ . 


Fig.  7  Mean  radial  velocity  field  at  7  =  0.0113  (case  B):  V^/C/i. 

plane.  The  shear  layer  growth  at  the  outer  bleed  jet  boundary  with 
increasing  bleed  rate  is  also  apparent  in  Fig.  6. 

Contours  of  the  mean  radi^  velocity  component  for  case  B  are 
shown  in  Fig.  7.  The  small  magnitudes  relative  to  the  mean  axial 
approach  velocity’  show  the  dominance  of  the  axial  component  in 
the  near- wake  flowfield.  The  base  comer  expansion  fan  appears  to 
be  fairly  well  centered  at  the  base  comer.  Peak  magnitudes  of  ra¬ 
dial  velocity  appear  in  the  freestream  downstream  of  the  expansion 
where  the  mean  flow  is  turned  radially  inward  after  separation.  Pos¬ 
itive  values  of  radial  velocity  appear  between  the  base  plane  and 
the  forward  stagnation  point  where  entrainment  into  the  outer  shear 
layer  causes  a  portion  of  the  bleed  flow  to  turn  radially  outward  (see 
Fig.  5b).  Radial  velocity  contours  for  cases  A  and  C  (not  presented 
here  for  brevity)  are  similar  to  the  ones  shown  for  case  B.  In  both 
cases  A  and  C,  the  peak  magnitudes  of  inward  radial  velocity  are 
higher  (and  occur  at  locations  upstream)  relative  to  case  B  because 
of  their  lower  base  pressures  and  stronger  base  comer  expansions.  In 
case  A,  the  peak  positive  radial  velocities  near  the  base  arc  slightly 
larger  in  magnitude  than  in  case  B  and  are  confined  to  the  region 
S  1 .5  because  of  the  strong  PRR  (see  Fig,  5a).  Since  the  bleed 
flow  penetrates  the  shear  layer  necompression  region  in  case  C  (see 
Fig.  5c),  the  peak  positive  radial  velocities  are  lower  than  in  case  B 
and  have  a  larger  axial  extent  (approximately  x/Ro  =  3).  The  tan¬ 
gential  component  of  mean  velocity  was  also  measured  (for  case 
B  only)  and,  as  expected,  the  magnitudes  of  this  component  were 
negligible  because  of  the  axisymmetric  nature  of  the  flow. 
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Table  2  Peak  magnitudes  of  turbulence  quantities 


Blunt  base^ 

Boattail^ 

0.0038 

Base  bleed,  I 

0.0113 

0.0226 

0.22 

0.20 

0.16 

0.15 

0.18 

aVriVx 

0.16 

0.13 

0.12 

0.11 

0.13 

avtlU\ 

0.14 

0.13 

— 

0.12 

— 

kiu\ 

0.044 

0.036 

0.027» 

0.025 

0.030® 

-0.019 

-0.018 

-0.012 

-O.OIl 

-0.013 

and 

and 

and 

0.0021 

0.0037 

0.012 

^Estimated  using  avi  =  . 


Fig.  S  Axial  turbulence  intensity  contours  at  7  =  0.0113  (case  B): 


Fig.  9  Radial  turbulence  intensity  contours  at  7=0.0113  (case  B): 
(TVrfUl* 

Near- Wake  'Rirbulence  Measurements 

The  axial  turbulence  intensity  distribution  in  the  near-wake  for 
case  B  is  shown  in  Fig,  8.  After  the  base  comer  expansion,  the  axial 
turbulence  intensity  in  the  outer  shear  layer  increases  to  a  global  peak 
of  approximately  av/V\  =  0.151  at  x/Ro  =  1.37  downstream  of 
the  base  comer.  This  global  peak  is  smaller  in  magnitude  and  occurs 
at  an  upstream  location  relative  to  the  maximum  axial  turbulence 
intensity  in  the  blunt  base  flowfield^  (crt//C/i  =  0.220  at  = 
2.20),  indicating  a  significant  decrease  in  the  outer  shear  layer’s 
entrainment  potential  resulting  from  base  bleed.  It  is  also  evident 
from  Table  2  that  the  peak  axial  turbulence  intensity  at  the  slightly 
preoptimum  case  B  is  lower  than  in  cases  A  and  C.  Beyond  the  peak 
location,  the  axial  turbulence  intensity  magnitude  decreases  with 
downstream  distance  from  the  base.  Lc^al  peaks  in  axial  turbulence 
intensity  occur  in  the  SRR,  the  reattachment  region,  and  near  the 
forward  stagnation  point.  The  low  axial  turbulence  intensity  levels 
in  the  exiting  bleed  jet  core  are  also  evident  from  the  figure.  In 
case  C  (not  shown),  the  local  peak  axial  turbulence  intensity  level 
in  the  low-speed  portion  of  the  bleed  jet  shear  layer  is  equal  to  the 
global  peak  value  in  the  outer  shear  layer  as  a  result  of  the  increased 
mean  jet  shear  at  the  high  bleed  rate. 

Figure  9  shows  the  near-wake  radial  turbulence  intensity  levels 
for  case  B.  Downstream  of  the  base  comer,  the  radial  turbulence 
intensity  increases  to  a  peak  of  (JyrjUx  =0.112  at  =  1.35, 
the  same  location  as  for  the  peak  axial  turbulence  intensity.  The  cor¬ 
responding  peak  radial  turbulence  intensity  magnitude  in  the  blunt 
base  study-  was  found  to  be  ervr/ =  0. 156  zix/Ro  =  2.20.  The 
local  peaks  in  radial  turbulence  intensity  near  the  forward  and  rear 
stagnation  points  are  not  particularly  distinct  because  of  the  dom¬ 
inance  of  fiow  mechanisms  in  the  axial  direction  at  these  points. 
Downstream  of  the  peak  levels  in  the  shear  layer,  the  radial  tur¬ 
bulence  intensity  decays  through  the  reattachment  region  and  the 
developing  wake.  Once  again.  Table  2  shows  that  the  peak  radial 


Fig.  10  TKE  contours:  kllj\. 


turbulence  intensity  at  the  slightly  preoptimum  case  B  is  lower  than 
in  cases  A  and  C.  The  tangential  turbulence  intensity  was  also  mea¬ 
sured  for  case  B,  and  the  distribution  (not  shown  for  brevity)  was 
found  to  be  similar  in  magnitude  and  distribution  to  the  radial  tur¬ 
bulence  intensity  field.  The  relative  ordering  of  the  turbulence  in¬ 
tensities  (cry  >  <7vr  ^  <^vt)  indicates  the  level  of  anisotropy  of  the 
normal  stresses  in  the  near-wake  base  bleed  fiowfield. 

The  turbulent  kinetic  energy  (TKE)  k  for  case  B  is  determined 
from  the  measured  Reynolds  normal  stresses  using  the  relation 

*  =  5^  +  0-?, (1) 

The  nondimensional  turbulent  kinetic  energy  (it/7/f)  distributions 
shown  in  Fig.  10  for  all  three  cases  are  quite  similar  to  the  cor¬ 
responding  axial  turbulence  intensity  distributions  that  dominate 
the  near-wake  turbulence  field.  The  low  TKE  levels  in  the  bleed 
jet  and  in  the  redeveloping  flow  downstream  of  reattachment  are 
also  evident  from  the  figure.  Because  of  the  similarity  of  the  radial 
and  tangential  normal  stress  fields  observed  in  case  B  and  in  the 
boattail  study  (and,  to  a  lesser  extent,  in  the  blunt  base  case),  the 
tangential  turbulence  intensity  was  not  measured  for  cases  A  and 
C,  and  the  TKE  for  these  cases  was  estimated  by  substituting  the 
measured  radial  normal  stress  value  for  the  tangential  term  in  Eq. 
(1).  The  estimated  TKE  field  obtained  by  applying  this  procedure 
to  case  B  was  nearly  identical  to  the  measur^  values  shown  in 
Fig.  10b,  indicating  the  validity  of  the  substitution.  From  Table  2, 
it  can  be  seen  that  the  peak  TKE  levels  in  all  of  the  bleed  cases  are 
lower  than  the  blunt  base  and  boattail  values.  The  peak  levels  for 
case  B  are  the  lowest  of  all,  indicating  reduced  entrainment  capa¬ 
bility  for  the  outer  shear  layer  at  the  near-optimum  bleed  condition. 
Figure  10c  also  shows  that  the  increased  velocity  and  mean  shear  of 
the  bleed  jet  in  the  postoptimum  case  C  leads  to  high  TKE  levels  in 
the  bleed  jet  shear  layer,  which  in  turn  causes  the  base  pressure  to 
decrease. 

The  primary  axial-radial  Reynolds  shear  stress  (m'v')  shown  in 
Fig.  1 1  exhibits  trends  similar  to  those  of  the  TKE  with  global  peak 
magnitudes  occurring  near  the  corresponding  peak  TKE  locations, 
followed  by  a  decay  to  lower  levels  in  the  redeveloping  wake.  Once 
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Fig.  11  Reynolds  shear  stress  (axial-radial)  contours:  («'v^)/r7j . 


again,  as  shown  in  Table  2,  the  peak  magnitudes  for  the  bleed  cases 
are  lower  than  those  found  in  the  blunt  base  and  boatlail  studies.  The 
lowest  peak  magnitude  in  the  outer  shear  layer  is  found  in  case  B, 
indicating  highly  reduced  entrainment  by  the  outer  shear  layer  for 
the  near-optimum  bleed  condition.  The  positive  (u'v’^)  values  at  the 
edge  of  the  bleed  jet  indicate  the  presence  of  large  turbulent  struc¬ 
tures  in  the  shear  layer  formed  by  the  bleed  jet  and  their  subsequent 
entrainment  of  fluid  from  the  SRR.  ^^^th  increasing  bleed,  the  in¬ 
crease  in  the  magnitude  of  these  positive  (u'v[ )  values  and  their  spa¬ 
tial  extent  is  in  accordance  with  the  increased  strength  of  the  SRR 
and  entrainment  by  the  bleed  jet  shear  layer  and  their  detrimental 
base  pressure-reducing  effects.  In  all  cases,  the  axial-radial  shear 
stress  vanishes  (as  it  should)  within  2  mm  of  the  physical  near- wake 
centerline  and  serves  as  an  indicator  of  flowfield  symmetry.  The 
axial-tangential  Reynolds  shear  stress  {m'u,')  was  also  measured  for 
case  B,  and,  as  expected,  the  magnitudes  were  negligible  compared 
with  the  primary  shear  stress  for  this  case. 

Based  on  the  preceding  findings,  to  achieve  the  maximum  benefits 
of  base  bleed  without  the  detrimental  side  effects  of  the  strong  bleed 
jet  and  SRR,  the  bleed  mass  should  be  injected  into  the  near  wake 
at  very  low  velocities.  This  is  consistent  with  earlier  observations 
based  on  parametric  global  base  pressure  measurements  which  sug¬ 
gest  the  use  of  a  larger  bleed  orifice  relative  to  the  base  area  ‘ 
or  a  porous  base.*®  The  formation  of  the  undesirable  secondary  re¬ 
circulation  region  could  also  be  avoided  by  locating  the  bleed  orifice 
(holes  or  slots)  along  the  outer  annular  periphery  of  the  base.  This 
configuration  has  been  found  to  reduce  base  drag  in  the  case  of 
axisymmetric  bodies  in  subsonic  fiow^;  however,  no  known  exper¬ 
iments  with  this  configuration  have  been  reported  for  the  supersonic 
case. 

Summary  and  Conclusions 

Detailed  mean  velocity  and  turbulence  measurements  have  been 
obtained  in  the  near  wake  of  a  cylindrical  afterbody  with  base  bleed 
in  a  Mach  2.5  flow  using  two-component  LDV.  The  three  cases 
studied  provide  insight  into  the  near- wake  fluid  dynamic  interac¬ 
tions  produced  by  low  bleed,  slightly  preoptimal  bleed,  and  slightly 


postoptimal  bleed  conditions.  The  bleed  flow  displaces  the  primary 
recirculation  region  downstream  of  the  base  plane  and  reduces  its 
size  and  strength  by  providing  most  of  the  fluid  required  for  shear 
layer  entrainment.  The  bleed  fluid  also  shields  the  base  annulus  from 
the  outer  shear  layer  and  the  primary  recirculation  region,  leading 
to  an  increase  in  base  pressure.  There  is  an  overall  reduction  in  tur¬ 
bulence  levels  throughout  the  base  bleed  flowfields  relative  to  the 
near-wake  flowfields  of  blunt-based  and  boattailed  afterbodies.  A 
secondary  recirculation  region  is  formed  near  the  base  annulus  as 
a  result  of  the  interaction  of  the  bleed  jet  and  the  outer  shear  layer. 
With  increasing  bleed,  the  increased  strength  of  the  secondary  re¬ 
circulation  region  and  bleed  jet  shear  layer  offsets  the  benefits  of 
base  bleed,  leading  to  a  drop  in  the  base  pressure.  The  net  benefits 
of  base  bleed  are  maximized  at  the  optimum  bleed  condition,  which 
corresponds  to  the  highest  base  pressure,  the  disappearance  of  the 
primary  recirculation  region,  and  the  lowest  turbulence  levels  in  the 
near-wake  flowfield.  The  use  of  larger  bleed  orifices,  porous  bases, 
or  bleed  orifices  located  along  the  outer  base  annulus  is  suggested 
for  maximizing  the  benefits  from  base  bleed. 
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The  reattachment  of  a  supersonic,  axisymmetric  shear  layer  downstream  of  a  blunt-based  afterbody 
is  studied.  Of  primary  interest  are  the  effects  of  the  “extra”  strain  rates,  such  as  bulk  compression, 
concave  streamline  curvature,  and  lateral  streamline  convergence  associated  with  shear  layer 
reattachment  on  the  structure  of  the  turbulence  field.  Experimental  turbulence  data  obtained 
throughout  the  reattacliinent  region  with  a  two-component  laser  Doppler  velocimeter  are  presented. 

In  general,  the  axisymmetric  compliant  boundary  reattachment  process  is  shown  to  be  different  in 
character  compared  lo  the  planar  solid  wall  case.  Most  notably,  significant  reductions  in  the 
Reynolds  stresses  occur  through  the  reattachment  region  due  to  the  dominating  effect  of  lateral 
streamline  convergence  as  the  flow  approaches  the  axis.  Similar  to  the  planar  solid  wall  case, 
however,  a  reduction  in  the  mean  turbulent  transport  toward  the  axis  in  the  reattachment  region  was 
found,  which  suggests  a  radial  containment  of  the  large-scale  eddies  near  the  axis  of  symmetry.  The 
reattachment  process  was  also  seen  to  have  profound  effects  on  the  large-scale  structures  in  the 
shear  layer,  primarily  through  reduced  structural  organization  as  indicated  by  instantaneous  shear 
angle  histograms.  ©  1997  American  Institute  of  Physics.  [81070-6631(97)04011-7] 


I.  INTRODUCTION 

The  reattachment  process  of  a  compressible  free  shear 
layer  impinging  on  a  solid  or  compliant  surface  occurs  in 
many  practical  fluid  dynamic  systems,  including  wing  trail¬ 
ing  edges,  axial  flow  combustors,  sting-supported  wind  tun¬ 
nel  models,  and  supersonic  jets.  In  the  solid  boundary  case, 
the  reattachment  point  has  importance  because  of  the  in¬ 
creased  pressure  loads  and  heat  transfer  rates  that  occur  due 
to  the  interaction  between  the  shear  layer  and  the  surface.  In 
fact,  the  local  thermal  loads  near  reattachment  in  axial  flow 
combustors  can  often  dictate  the  design  of  the  entire  system. 
Understanding  the  compliant  boundary  reattachment  prob¬ 
lem  is  also  important,  especially  in  the  case  of  conventional 
antiarmor  projectiles  which  contain  multiple  bodies  sepa¬ 
rated  and  aligned  along  a  common  axis.*  In  this  case,  each 
body  except  the  first  is  immersed  in  the  wake  of  the  prior 
body  and  is  generally  located  downstream  of  the  previous 
body’s  wake  reattachment  point.  Obviously,  in  this  case  un¬ 
derstanding  the  flow  physics  in  the  reattachment  zone  is  es¬ 
sential  in  defining  the  approach  conditions  for  the  following 
bodies. 

The  shear  layer  reattachment  problem  is  also  a  critical 
part  of  the  multicomponent  modeling  of  missile  and  projec¬ 
tile  afterbody  flowfields.^  Still  a  practical  design  tool,  the 
success  of  multicomponent  modeling  intimately  depends  on 
the  accurate  prediction  of  the  reattachment  process  down¬ 
stream  of  the  body.  A  typical  flowfield  downstream  of  a 
supersonic,  axisymmetric  projectile  is  sketched  in  Fig.  1 
where  the  reattachment  zone  is  that  region  contained  within 
the  dashed  lines.  Notice  that  the  shear  layer  reattachment 
process  contains  many  complicating  fluid  dynamic  features 
such  as  an  adverse  pressure  gradient,  streamline  curvature, 


flow  reversal,  and  fluid  interactions  across  the  axis  of  sym¬ 
metry.  In  multicomponent  analyses,  the  reattachment  model 
dictates  the  amount  of  mass  returned  to  the  base  due  to  the 
adverse  pressure  gradient  and,  therefore,  directly  affects  the 
base  pressure. 

Although  the  general  features  of  reattaching  compress¬ 
ible  shear  layers  have  been  documented  in  the  planar  solid 
wall  case  over  the  past  three  decades,  relatively  limited  data 
are  available  in  the  compliant  boundary  case,  especially  de¬ 
tailed  experimental  data  on  the  structure  of  the  turbulence 
field  near  reattachment.  It  is  now  commonly  known  that 
compressibility  plays  a  significant  role  in  the  development  of 
high-speed  free  shear  layers,  but  how  it  affects  the  reattach¬ 
ment  process  is  still  largely  unknown.  In  addition,  the  fun¬ 
damental  differences  in  the  reattachment  process  between 
solid  and  compliant  boundaries  and  between  planar  and  axi¬ 
symmetric  geometries  have  not  been  firmly  established  for 
either  supersonic  or  subsonic  flows. 

The  shear  layer  reattachment  process  also  has  fundamen¬ 
tal  interest.  Eaton  and  Johnston^  present  a  thorough  review 
of  previous  work  for  the  subsonic,  solid  wall  case  where  a 
significant  amount  of  experimental  data  exists.  In  general, 
the  Reynolds  stresses  in  the  shear  layer  were  found  to  de¬ 
crease  through  the  reattachment  zone,  although  the  physical 
mechanisms  associated  with  this  trend  could  not  be  firmly 
established.  In  contrast,  data  from  the  supersonic,  planar, 
solid  wall  case  indicate  that  the  Reynolds  stresses  increase 
through  reattachment  with  peak  values  occurring  slightly 
downstream  of  the  mean  reattachment  point."^*^  Recent 
work^  has  indicated  that  the  turbulent  fluctuations  in  the  re¬ 
attachment  region  can  directly  affect  the  recompression 
shock  system  and,  in  general,  large-scale  dynamical  motions 
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FIG.  I.  Sketch  of  entire  near-wake  flowfield  and  region  of  interest. 

of  the  shock  system  can  result.  Obviously,  this  finding  is 
only  applicable  to  supersonic  shear  layer  reattachment  where 
flow  recompression  occurs  through  a  series  of  compression 
waves.  Other  differences  between  the  subsonic  and  super¬ 
sonic  cases  can  be  attributed,  at  least  in  part,  to  compress¬ 
ibility  effects  associated  with  the  shear  layer  development 
and  also  the  reattachment  process.  Consequently,  it  is  appar¬ 
ent  that  the  relatively  large  volume  of  subsonic,  solid  wall 
reattachment  data  can  only  provide  qualitative  insight  into 
the  supersonic,  compliant  boundary  reattachment  problem. 

Although  a  limited  amount  of  work  has  been  done  on  the 
solid  wall  reattachment  problem,  the  supersonic,  compliant 
boundary  case  has  received  even  less  attention.  Samimy  and 
Addy^  investigated  the  interaction  of  two  compressible  shear 
layers  formed  downstream  of  a  two-dimensional,  thick  base 
with  laser  Doppler  velocimetry  (LDV).  Although  a  relatively 
sparse  data  set  was  obtained  in  the  reattachment  region,  the 
authors  suggested  that  significant  structural  differences  exist 
between  the  turbulence  fields  in  supersonic  and  subsonic  re¬ 
attaching  flows.  Most  notably,  the  transverse  turbulence  dif¬ 
fusion  mechanisms  in  the  reattachment  zone  were  shown  to 
differ  significantly,  as  evidenced  by  large  changes  in  the  tur¬ 
bulent  triple  products  (u'u'v')  and  In  a  similar 

study,  Amatucci  et  al^  recently  confirmed  several  of  these 
earlier  findings  while  documenting  the  Reynolds  stresses  and 
turbulent  triple  products  in  the  reattachment  zone  between  a 
pair  of  planar  shear  layers.  The  Reynolds  stresses  peaked 
slightly  downstream  of  reattachment  with  significant  differ¬ 
ences  occurring  between  the  two  shear  layers  in  the  trans¬ 
verse  normal  stress  and  primary  shear  stress. 

The  primary  objective  of  the  present  paper  is  to  investi¬ 
gate  the  turbulence  structure  of  an  axisymmetric,  supersonic 
shear  layer  undergoing  compliant  boundary  reattachment  as 
shown  in  Fig.  1.  Detailed  experimental  turbulence  data  ob¬ 
tained  with  LDV  will  be  presented,  and  the  effect  of  the 
reattachment  process  on  the  Reynolds  stress  magnitudes  and 
the  structural  characteristics  of  the  turbulence  field  will  be 
ascertained.  In  conjunction  with  other  recent  experimental 
data,’®  physical  mechanisms  associated  with  the  observed 
changes  in  the  turbulence  properties  through  reattachment 
will  be  postulated. 

II.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  experiments  for  the  current  study  were  conducted  in 
the  axisymmetric  base  flow  facility  at  the  University  of  Illi¬ 


FIG.  2.  Shear  layer  mean  axial  velocity  profiles  upstream  of  reattachment  in 
similarity  coordinates. 

nois  Gas  Dynamics  Laboratory.  This  facility  is  a  blowdown- 
type  wind  tunnel  specifically  designed  for  axisymmetric  af¬ 
terbody  models  and  contains  features  to  ensure  axisymmetric 
flow  by  proper  centering  of  the  model.  In  addition,  methods 
to  eliminate  interference  waves  from  intersecting  the  near¬ 
wake  flowfield  downstream  of  the  blunt-based  body  were 
utilized.  A  detailed  description  of  the  facility  is  given  by 
Herrin.”  The  model  used  for  the  current  study  was  a  blunt- 
based,  axisymmetric,  boattailed  afterbody  with  a  base  radius, 
of  28.97  mm.  The  Mach  and  unit  Reynolds  numbers  of 
the  freestream  flow  immediately  upstream  of  the  reattach¬ 
ment  region  were  2.72  and  43  (10^)  per  meter,  respectively. 
The  general  characteristics  of  the  entire  base  flowfield  have 
been  presented  elsewhere.’^  In  this  paper,  emphasis  is  placed 
on  the  reattachment  region  from  immediately  upstream  of 
the  first  recompression  wave  to  the  developing  wake  further 
downstream  (outlined  region  in  Fig.  1).  The  boundary  layer 
at  the  bluntbody  separation  point  was  fully  turbulent  with  a 
thickness  5//?^  =  0.1 5,  and  the  measured  freestream  turbu¬ 
lence  levels  throughout  the  flow  were  less  than  1%;  addi¬ 
tional  details  concerning  the  approach  freestream  and  bound¬ 
ary  layer  may  be  found  in  Ref.  1 1 .  The  onset  of  the  adverse 
pressure  gradient  associated  with  reattachment  was  estimated 
from  the  sidewall  pressure  data  of  Amatucci  et  al.^  to  occur 
near  x/x/j  =  0.72  where  x  is  the  axial  distance  downstream 
of  the  base  plane  and  X/j  is  the  reattachment  length  (x/j 
=  89  mm)  obtained  from  the  current  mean  velocity  data  set. 
Upstream  of  reattachment,  the  normalized  mean  velocity 
profile  in  the  shear  layer  has  become  independent  of  axial 
position  (i.e.,  self-similar  in  the  mean  sense).  Figure  2  shows 
several  mean  velocity  profiles  obtained  at  different  axial  sta¬ 
tions  upstream  of  reattachment  as  plotted  in  similarity  coor¬ 
dinates.  In  this  figure,  the  nondimensionalizing  factors  are 
the  10%-90%  shear  layer  velocity  thickness  (b)  and  the 
mean  velocity  difference  across  the  shear  layer  (AU).  Al¬ 
though  the  mean  velocity  profile  has  reached  its  fully  devel- 
oped  state  near  reattachment,  as  shown  in  Fig.  2,  the  Rey¬ 
nolds  stresses  were  found  to  be  just  approaching  a  self¬ 
similar  condition.’^  At  the  onset  of  recompression,  the  shear 
layer  velocity  thickness  (b)  takes  a  value  of  approximately 
11.3  mm.  In  addition,  the  convective  Mach  number  of  the 
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shear  layer  {M^  ^  At//(2a)  where  a  is  the  mean  speed  of 
sound)  is  approximately  1.3  at  this  location,  which  suggests 
that  significant  compressibility  effects  can  be  expected. 
Throughout  the  remainder  of  this  paper,  the  mean  velocity  in 
the  freestream  approaching  the  recompression  region 
{U^Qf=  592.5  m/s)  will  be  used  for  nondimensionalization. 

The  primary  diagnostic  tool  used  in  the  experiments  was 
a  two-component  LDV  with  frequency  shifting  that  is  ca¬ 
pable  of  measuring  the  high  turbulence  intensity  levels  and 
reversed  velocities  in  the  reattachment  region  of  the  flow.  A 
detailed  discussion  of  the  LDV  system  and  its  implementa¬ 
tion  in  supersonic,  separated  flows  has  been  given  by 
Herrin.  The  measurement  volume  diameter  and  length  were 
approximately  120  and  700  ^tm,  respectively,  which  pro¬ 
vided  adequate  resolution  to  avoid  significant  spatial  averag¬ 
ing  effects  in  the  data.  The  scattering  media  used  in  this 
investigation  were  silicone  oil  droplets  with  a  mean  diameter 
of  approximately  0.8  A  particle  lag  error  analysis  us¬ 
ing  the  results  of  Samimy  and  Lele^"^  predicts  a  worst-case 
root-mean-square  slip  velocity  of  less  than  2%  in  the  region 
of  interest.  An  error  analysis  of  the  LDV  data  reduction  pro¬ 
cedure  estimates  a  maximum  uncertainty  in  the  mean  veloc¬ 
ity  of  less  than  1%  of  and  in  the  rms  velocity  fluctuation 
of  less  than  2%  of  U^^f. 

The  LDV  data  were  obtained  along  20  radial  traverses 
throughout  the  reattachment  region  in  both  the  vertical  and 
horizontal  planes  intersecting  the  axis  of  symmetry.  This 
two-plane  approach  allowed  direct  measurement  of  three 
mean  velocities  (  U,  V,  W),  three  kinematic  Reynolds  nor¬ 
mal  stresses  (cry,cr^,cr^),  and  two  kinematic  Reynolds  shear 
stresses  {{u'v' y  u'w'))  throughout  the  reattachment  region. 
All  data  presented  in  the  present  paper  are  referenced  to  the 
wind  tunnel  coordinate  system  where  the  mean  axial  velocity 
(U)  is  aligned  with  the  axis  of  symmetry.  At  each  spatial 
location,  approximately  4000  velocity  samples  were  obtained 
to  ensure  minimal  statistical  uncertainty.  The  ensemble- 
averaged  data  were  corrected  for  velocity  bias  using  the  in¬ 
terarrival  time  weighting  method; no  correction  for  fringe 
bias  was  implemented.  For  all  data  presented  herein,  at  least 
one  profile  upstream  of  reattachment  (near  x/xj^  =  0.56)  will 
be  shown  to  document  the  shear  layer  properties  prior  to  the 
onset  of  the  recompression  process. 

III.  RESULTS 

The  primary  results  of  this  investigation  will  now  be 
presented.  In  the  first  section,  the  development  of  the  kine¬ 
matic  Reynolds  stresses  through  reattachment  will  be  de¬ 
scribed  and  compared  to  previous  compliant  and  solid 
boundary  data.  In  two  subsequent  sections,  the  velocity  triple 
products  and  primary  turbulence  structure  parameters  (e.g., 
shear  stress  correlation  coefficient,  Ruv)  will  be  investigated. 
Finally,  a  quadrant  decomposition  analysis  of  the  turbulence 
data  will  be  presented  that  will  provide  additional  insight 
into  the  effects  of  the  reattachment  process  on  the  compress¬ 
ible  turbulence  field. 

A.  Reynolds  stress  development 

As  discussed  earlier,  the  reattachment  effects  on  the  pri¬ 
mary  Reynolds  stresses  appear  to  be  dependent  on  the  flow 


FIG.  3.  Axial  Reynolds  normal  stress  profiles, 

speed  regime  (subsonic  or  supersonic)  and  the  reattachment 
boundary  condition  (compliant  or  solid  boundary).  For  the 
present  supersonic,  compliant  boundary  case,  the  develop¬ 
ment  of  the  axial  and  radial  Reynolds  normal  stresses 
through  the  reattachment  region  is  shown  in  Figs,  3  and  4, 
respectively.  The  approximate  location  of  the  onset  of  the 
adverse  pressure  gradient  is  labeled  on  the  abscissa  as  Xp, 
and  the  scale  for  the  plotted  variable  is  shown  at  the  upper 
left  of  the  figure.  The  strong  peak  in  the  axial  normal  stress 
shown  upstream  of  reattachment  is  indicative  of  compress¬ 
ible  free  shear  layers. The  location  of  the  peak  coincides 
roughly  with  the  inflection  point  in  the  mean  velocity  profile 
which  is  approximately  centered  between  the  edges  of  the 
shear  layer.  As  the  shear  layer  enters  the  recompression  re¬ 
gion,  the  Reynolds  stress  profiles  begin  to  broaden  due  to 
turbulence  diffusion  mechanisms  and  the  increased  turbu¬ 
lence  activity  along  the  centerline  from  the  shear  layer  inter¬ 
action.  Near  reattachment,  the  enterline  axial  and  radial  Rey¬ 
nolds  stresses  both  reach  local  maxima  which,  along  with  the 
decreasing  peak  values  away  from  the  axis,  appears  as  an 
overall  broadening  of  the  Reynolds  stress  profiles.  Down¬ 
stream  of  the  reattachment  point,  the  strong  Reynolds  stress 
peaks  present  in  the  shear  layer  prior  to  the  adverse  pressure 


FIG.  4.  Radial  Reynolds  normal  stress  profiles,  (cr^/Uref)'- 
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FIG.  5.  Primary  Reynolds  shear  stress  profiles,  -  {u' 


gradient  have  all  but  disappeared  in  favor  of  a  more  radially 
uniform  turbulence  field  of  reduced  magnitude.  Of  course,  it 
is  expected  that  the  change  in  flow  regime  from  a  shear  layer 
to  wake  will  result  in  lower  downstream  turbulence  levels 
since  the  wake  does  not  contain  the  relatively  large  mean 
shear  rates  present  in  the  approaching  shear  layer.  In  addition 
to  the  axial  and  radial  Reynolds  normal  stresses,  the  tangen¬ 
tial  normal  stress  was  also  measured  experimentally  and 
found  to  closely  follow  the  radial  Reynolds  stress  trends 
shown  in  Fig.  4. 

The  development  of  the  primary  Reynolds  shear  stress 
((m'i;'))  through  the  reattachment  region  is  shown  in  Fig.  5 
and  is  found  to  be  somewhat  more  dramatic  than  the  normal 
stresses.  Upstream  of  reattachment,  the  shear  stress  profile  is 
similar  to  that  shown  previously  for  the  axial  normal  stress, 
except  along  the  centerline  where  the  shear  stress  vanishes 
by  symmetry.  The  shear  stress  profile  is  seen  to  maintain  its 
strong-peaked  appearance  up  to  the  reattachment  point. 
However,  immediately  downstream  of  reattachment,  a  sig¬ 
nificant  change  in  the  shear  stress  profile  occurs;  namely,  the 
profile  transitions  to  a  more  rounded  appearance  and  the 
magnitude  is  greatly  reduced  from  that  near  reattachment.  At 
the  last  axial  station  shown,  the  wake  shear  stress  distribu¬ 
tion  is  far  different,  in  magnitude  and  shape,  than  that  in  the 
shear  layer  approaching  reattachment.  In  addition,  the  de¬ 
crease  in  the  peak  shear  stress  magnitude  prior  to  the  reat¬ 
tachment  point  in  the  present  case  can  be  contrasted  to  both 
the  supersonic,  solid  wall  case  and  the  supersonic,  compliant 
boundary  case  measured  in  two-dimensional  flows.  More 
discussion  as  to  this  comparison  and  the  possible  physical 
mechanisms  involved  will  be  given  below. 

In  addition  to  the  Reynolds  stress  profiles  shown  in  the 
previous  figures,  it  is  also  instructive  to  plot  the  peak  Rey¬ 
nolds  stress  magnitudes  as  a  function  of  axial  distance 
through  the  reattachment  region.  Fig.  6.  By  doing  this,  it 
becomes  apparent  that  the  reattachment  process  can  be  di¬ 
vided  into  three  regions:  a  region  upstream  of  the  adverse 
pressure  gradient  (jc/jc;?  <  0.72),  a  central  region  between 
the  start  of  recompression  and  the  reattachment  point  (0.72 
<  xfxj^  <  1.0),  and  a  postreattachment  region  {xlxj^ 
>  1.0).  As  previously  mentioned,  the  region  upstream  of  the 


RG.  6.  Peak  Reynolds  stress  distributions  through  realtachment. 

onset  of  the  adverse  pressure  gradient  (jc/jc/j  <  0.72)  is 
characterized  by  a  compressible,  axisymmetric  shear  layer 
developing  at  essentially  constant  pressure  with  strong  Rey¬ 
nolds  stress  peaks  that  are  slowly  evolving  with  downstream 
distance. 

At  the  onset  of  the  adverse  pressure  gradient  associated 
with  reattachment,  it  is  apparent  that  the  peak  Reynolds 
stresses  are  immediately  affected  (Fig.  6),  although  the  mag¬ 
nitude  of  the  effect  varies  considerably  among  the  different 
components.  The  axial  normal  stress  and  primary  shear  stress 
are  both  attenuated  in  this  region  while  the  radial  and  tan¬ 
gential  normal  stresses  actually  increase  modestly.  To  ex¬ 
plain  these  different  trends,  one  must  consider  the  many 
competing  fluid  dynamic  effects  that  occur  in  the  reattach¬ 
ment  region,  including  the  bulk  compression  associated  with 
adverse  pressure  gradients,  destabilizing  concave  streamline 
curvature,  lateral  streamline  convergence  as  the  flow  ap¬ 
proaches  the  axis  of  symmetry,  and  the  shear  layer  interac¬ 
tion  occurring  across  the  centerline.  The  effects  of  bulk  com¬ 
pression,  streamline  curvature,  and  lateral  convergence  have 
been  studied  in  detail  for  attached,  subsonic,  turbulent 
boundary  layers*^"'^  and  are  generally  classified  as  “extra” 
rates  of  strain  in  addition  to  the  strain  rate  of  simple  shear, 
dUldr.  Although  the  present  flowfield  is  somewhat  more 
complicated  than  the  boundary  layer  flow  for  which  the  “ex¬ 
tra”  strain  rate  effects  were  determined,  the  fluid  dynamic 
effects  on  the  Reynolds  stresses  of  the  present  flow  are  as¬ 
sumed  known,  at  the  very  least,  as  to  their  direction.  Conse¬ 
quently,  bulk  compression  and  concave  streamline  curvature 
should  act  to  destabilize  (increase)  the  Reynolds  stresses  in 
the  reattaching  shear  layer  while  lateral  streamline  conver¬ 
gence  should  stabilize  (decrease)  the  Reynolds  stress  magni¬ 
tudes.  To  estimate  the  relative  magnitudes  of  the  “extra” 
strain  rates,  the  previous  analyses  of  Bradshaw*^  and  Smits 
et  al}^  were  used  to  quantify  each  strain  rate  in  terms  of 
local  flowfield  variables.  Once  calculated,  these  values  are 
compared  to  the  magnitude  of  the  primary  strain  rate,  dUldr, 
and  presented  as  a  ratio,  el(dUldr).  In  the  present  case,  the 
“extra”  strain  rates  due  to  bulk  compression,  concave 
streamline  curvature,  and  lateral  streamline  convergence 
relative  to  the  primary  strain  rate  take  approximate  values  of 
0,3,  0.06,  and  -0.1,  respectively.  These  magnitudes  signify 
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that  the  present  ‘'extra'"  strain  rates  can  be  classified  as 
strong  rates  of  strain  according  to  the  definition  of  Smits  and 
Wood."®  Unfortunately,  the  combined  effect  of  these  three 
“extra* '  strain  rates  acting  together  cannot  be  determined  by 
a  simple  summation  of  their  relative  magnitudes,  as  a  signifi¬ 
cant  nonlinear  coupling  has  been  shown  to  exist."®  The  ob¬ 
served  decreases  in  the  axial  normal  stress  and  primar>'  shear 
stress  at  the  onset  of  reattachment  in  the  present  case,  con¬ 
sequently,  indicate  the  overwhelming  influence  of  lateral 
streamline  convergence  when  compared  to  the  effects  of  bulk 
compression  and  concave  streamline  curvature.  Since  the 
turbulence  field  interacts  with  the  mean  flow  primarily 
through  the  streamwise  normal  stress,  the  slight  increase  in 
the  radial  and  tangential  normal  stresses  in  the  initial  reat¬ 
tachment  region  is  most  likely  a  result  of  the  relatively  long 
time  scales  associated  with  turbulence  energy  transfer  among 
the  components  when  compared  to  that  between  the  mean 
flow’  and  the  axial  normal  stress.  In  fact,  downstream  of  the 
reattachment  point  (.v/.v/^  >  1.0)  all  of  the  Reynolds  stre.ss 
components  experience  decays  to  lower  values  in  the  devel¬ 
oping  wake. 

By  considering  the  “extra**  strain  rates  de.scribed  above, 
it  is  now  possible  to  offer  plausible  explanations  for  the  ob¬ 
served  trends  in  the  present  data.  At  the  start  of  the  recom¬ 
pression  region,  the  peak  Reynolds  stress  regions  of  the 
shear  layer  are  sufficiently  far  from  the  axis  of  symmetry  that 
the  cross-centerline  shear  layer  interaction  effects  are  most 
likely  small  (this  is  obvious  from  the  Reynolds  stress  profiles 
shown  in  Figs.  3-5);  therefore,  the  observed  decrease  in  the 
axial  normal  stress  and  primary  shear  stress  in  this  region  are 
primarily  a  result  of  the  stabilizing  effect  of  lateral  stream¬ 
line  convergence.  As  the  shear  layer  approaches  the  axis  of 
symmetry,  the  lateral  streamline  convergence  effect  in¬ 
creases  approximately  with  the  inverse  of  the  radial 
coordinate. and  the  shear  layer  interaction  along  the  center- 
line  begins  to  affect  the  Reynolds  stress  profiles  resulting 
primarily  in  an  increase  in  the  centerline  normal  stresses. 
Since  the  peak  turbulence  region  lies  away  from  the  center- 
line.  the  peak  Reynolds  stress  magnitudes  continue  to  decay 
through  the  reattachment  point  due  to  the  streamline  conver¬ 
gence  effect.  In  two-dimensional  compliant  boundary  reat¬ 
tachment.  lateral  convergence  effects  are  not  present  so  that 
the  ob.served  increase  in  the  Reynolds  stresses  up  to  the  re¬ 
attachment  point^  '^  can  be  explained  by  the  overall  destabi¬ 
lizing  effects  of  streamline  curvature  and  bulk  compression. 
Immediately  downstream  of  reattachment  in  the  present  case, 
the  shear  layer  realignment  process  is  gradually  completed 
and  the  “e.xtra**  .strain  rates  associated  with  bulk  compres¬ 
sion,  streamline  curvature,  and  lateral  convergence  vanish. 
Consequently,  the  Reynolds  stresses  decay  to  lower  values  as 
a  result  of  the  decreasing  shear  rates  present  in  the  wake  flow 
relative  to  those  in  the  upstream  shear  layer. 

B.  Velocity  triple  products 

In  addition  to  the  Reynolds  stresses,  the  velocity  triple 
products  provide  information  on  the  transport  of  turbulence 
energy  throughout  the  reattachment  region.  It  is  well  under¬ 
stood  that  the  primary  contribution  to  the  triple  products 
comes  from  large-scale  turbulent  structures  which,  in  the 


FIG.  7.  Planar  Mie  scattering  image  of  the  reatiachinent  region. 


present  flowfield,  enter  the  reattaChment  region  from  the 
compressible  shear  layer.  A  typical  planar  Rayleigh/Mie 
scattering  image  (from  condensed  ethanol  droplets  in  the  su¬ 
personic  freestream)  of  the  reattachment  region  is  presented 
in  Fig.  7.  Large-scale  structures  convecting  from  the  shear 
layer  into  the  reattachment  region  and  developing  wake  are 
clearly  seen.  Figures  8  and  9  show  the  effect  of  the  reattach¬ 
ment  process  on  two  triple  products  of  interest,  {u'  ii'v'}  and 
{u'v'v'),  respectively.  In  a  planar  mixing  layer,  the  triple 
products  are  roughly  antisymmetrical  about  the  mixing  layer 
centerline;*^'"^  the  same  approximate  behavior  is  shown  up¬ 
stream  of  the  reattachment  zone  in  Figs.  8  and  9.  In  general, 
negative  values  of  {u'u’v')  (Fig.  8)  imply  that,  on  average, 
eddies  with  large  streamwise  velocity  fluctuations  move  to¬ 
wards  the  centerline,  away  from  the  region  of  maximum 
Reynolds  stress,  and  vice  versa  for  positive  values.  As  the 
shear  layer  approaches  the  reattachment  point,  the  magnitude 
of  the  large  negative  {u'u'v')  peak  at  the  inner  edge  is 
rapidly  attenuated  w'hile  the  large  positive  peak  at  the  outside 
edge  of  the  shear  layer  broadens  somew  hat  but  maintains  a 
relatively  large  magnitude.  This  trend  suggests  a  contain¬ 
ment  of  the  large-scale  eddies  at  the  centerline  due  to  the 
axisymmetric  nature  of  the  flow  and  is  similar  to  that  ob¬ 
served  in  subsonic,  solid  wall  reattachment  studies."*  In  other 
words,  movement  of  the  large-scale  structures  toward  or 
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FIG.  8.  Velocity  triple  product  protiic.s.  {u'  u'  v' )/ 
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FIG.  9.  Velocity  triple  product  profiles,  {u' v* 


across  the  axis  of  symmetry  is  confined  by  the  symmetry  of 
the  flow  while  movement  of  the  structures  away  from  the 
centerline  is  not  so  constrained.  In  two-dimensional,  super¬ 
sonic,  compliant  boundary  studies, the  large  negative 
peak  near  the  inside  edge  of  the  shear  layer  persisted  far 
downstream  of  the  reattachment  point.  Consequently,  it  is 
apparent  that  the  axisymmetric  nature  of  the  present  flow  has 
a  significant  impact  on  the  nature  of  the  turbulence  field  near 
the  centerline  where  streamline  convergence  and  transverse 
curvature  effects  are  largest,  but  has  a  lesser  effect  for  larger 
radial  positions.  Downstream  of  the  reattachment  point  in 
Fig.  8,  an  overall  decay  in  (m'm'u')  is  shown  as  the  wake 
develops. 

The  effect  of  the  reattachment  process  on  the  streamwise 
transport  of  the  radial  normal  stress,  as  indicated  by 
{u^v*v'),  is  shown  in  Fig.  9.  In  contrast  to  the  radial  trans¬ 
port  of  turbulence  energy  shown  in  Fig.  8,  the  eddy  contain¬ 
ment  near  the  axis  of  symmetry  has  a  limited  effect  on  the 
streamwise  transport  shown  in  Fig.  9.  In  fact,  the  initial  an- 
tisymmetrical  profile  prior  to  recompression  is  approxi¬ 
mately  maintained  to  the  reattachment  point,  although  it  is 
somewhat  broadened  due  to  turbulence  diffusion  and  shifted 
toward  the  centerline  as  the  shear  layer  undergoes  realign¬ 
ment.  Since  flow  symmetry  about  the  axis  is  primarily  a 
constraint  on  the  mean  radial  velocity  (i.e.,  V  =  0  on  the 
centerline),  and  not  on  the  mean  axial  velocity,  it  is  not  sur¬ 
prising  that  the  radial  transport  of  turbulence  energy  is  more 
strongly  affected  near  the  axis  of  symmetry.  This  suggests 
that  the  large-scale  structures  that  enter  the  recompression 
region  change  orientation  as  they  approach  reattachment  due 
to  streamline  curvature  and  centerline  confinement  effects 
and,  subsequently,  begin  to  lose  coherence  as  the  wake  de¬ 
velops.  This  is  not  to  suggest  that  large-scale  structures  are 
absent  downstream  of  reattachment,  but  rather  that  the  orga¬ 
nization  of  the  structures  has  diminished  through  the  reat¬ 
tachment  zone.  Supporting  evidence  for  this  has  been  given 
by  Smith  and  Dutton*®  who  obtained  planar  Mie  scattering 
images  near  the  reattachment  point  in  the  planar  supersonic 
base  flowfield  used  previously  in  the  study  by  Amatucci 
et  al^  The  images  show  quite  clearly  the  presence  of  large- 
scale  turbulent  structures  throughout  the  reattachment  region 
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and  in  the  downstream  wake:  However,  statistical  image  pro¬ 
cessing  analyses  indicate  a  loss  in  coherence  of  the  structures 
through  reattachment  similar  to  that  postulated  for  the 
present  flow.  It  is  important  to  keep  in  mind  that  the  turbu¬ 
lence  field  in  the  current  axisymmetric  flow  is  significantly 
attenuated  by  the  reattachment  process  (Fig.  6)  in  contrast  to 
the  two-dimensional  case,  so  it  is  reasonable  to  expect  that 
the  loss  of  eddy  organization  noted  by  Smith  and  Dutton  *®  is 
magnified  in  the  current  case. 

In  addition  to  the  data  shown  in  Figs.  8  and  9,  several 
other  velocity  triple  products  were  calculated  from  the  ex¬ 
perimental  data.  These  include  (w'm'm'), 
{v'v'v'),  {u'u'w'),  {m'w'w'),  and  {w'w'w^).  In  this 
case,  w'  represents  an  instantaneous  velocity  fluctuation  in 
the  tangential  (swirl)  direction.  As  expected,  the  tangential 
transport  of  turbulence  energy  (as  indicated  by  (m'm'vv')  and 
(w  W'))  was  negligible  compared  to  the  axial  and  radial 
transport  terms.  In  addition,  the  streamwise  transport  of  the 
axial  ((w'w'w'))  and  tangential  ((w'vv'w'))  normal  stresses 
closely  follows  the  trends  for  the  corresponding  radial  nor¬ 
mal  stress  ((w'i;'i;'))shown  in  Fig.  9,  although  the  radial 
and  tangential  component  magnitudes  are  reduced  by  a  fac¬ 
tor  of  approximately  three  relative  to  the  axial  component. 
Finally,  the  radial  transport  of  the  radial  normal  stress 
{{v'v'v'))  is  similar  to  the  corresponding  axial  normal 
stress  transport  {{u'u'v'))  shown  in  Fig.  8  except  that  the 
magnitudes  are  reduced  by  about  a  factor  of  two. 

C.  Turbulence  structure  parameters 

To  this  point,  the  turbulence  field  throughout  the  reat¬ 
tachment  region  has  been  discussed  in  terms  of  the  overall 
changes  in  the  Reynolds  stress  and  triple  product  magni¬ 
tudes.  Since  the  flowfield  undergoes  a  change  in  type 
through  reattachment  (from  shear  layer  to  wake),  one  would 
expect  significant  changes  in  these  turbulence  quantities.  It  is 
also  instructive  from  a  fundamental  standpoint,  and  more 
important  in  some  respects,  to  investigate  the  structural 
changes  in  the  turbulence  field  brought  on  by  the  application 
of  the  “extra”  strain  rates  in  the  reattachment  zone.  Many 
questions  exist  about  the  turbulence  structure  in  highly  com¬ 
pressible  shear  layers  and  the  response  to  complicating  fea¬ 
tures  such  as  pressure  gradient,  streamline  curvature,  etc.  For 
example,  how  is  the  overall  turbulence  energy  distributed 
between  the  normal  stresses?  How  quickly  does  the  shear 
stress  respond  to  these  effects  compared  to  the  normal 
stresses?  How  are  the  Reynolds  stress  distributions  different 
from  incompressible  flow? 

Perhaps  the  most  instructive  parameter  to  investigate  is 
the  anisotropy  of  the  Reynolds  normal  stresses.  In  the 
present  case,  a  primary-to-secondary  stress  ratio, 
and  a  secondary-to-secondary  stress  ratio,  (cr^./cTy)^,  are  uti¬ 
lized  to  show  the  respective  distributions  of  the  Reynolds 
normal  stress  field.  Figure  10  shows  the  development  of 
these  normal  stress  ratios  determined  at  the  peak  shear  stress 
location  in  the  reattaching  shear  layer.  Clearly,  this  figure 
reinforces  the  dominance  of  the  axial  normal  stress  indicated 
earlier  in  conjunction  with  Fig.  6.  It  is  apparent  that  the 
initial  stages  of  the  reattachment  process  have  a  significant 
impact  on  the  relative  distribution  of  the  normal  stresses  with 
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FIG.  10.  Normal  stress  anisotropy  ratios  at  the  peak  shear  stress  locations.  FIG.  11.  Turbulence  structure  parameters  at  the  peak  shear  stress  locations. 


a  rapid  decay  in  {(TuIcTv)^  occurring  up  to  the  reattachment 
point.  Downstream  of  reattachment,  the  relative  normal 
stress  distributions  appear  to  have  reached  an  equilibrium 
state  with  only  small  variations  as  the  wake  develops. 
Throughout  the  reattachment  region,  the  secondary-to- 
secondary  stress  ratio,  maintains  an  approxi¬ 

mately  constant  value  of  unity  suggesting  little  difference  in 
the  turbulence  energy  redistribution  mechanisms  (e.g.,  pres¬ 
sure  strain)  in  these  components.  In  the  two-dimensional 
case,^  the  primary-to-secondary  normal  stress  ratio  is  rela¬ 
tively  constant  up  to  and  even  downstream  of  the  reattach¬ 
ment  point  and  takes  a  value  {(TuIcXv)^  6,  which  is  sig¬ 
nificantly  larger  than  the  values  shown  in  Fig.  10  for  the 
present  flow.  This  again  illustrates  the  significant  differences 
that  exist  in  the  turbulence  field  between  two-dimensional 
and  axisymmetric  flows  in  the  reattachment  zone  for  the  su¬ 
personic  case. 

For  attached  subsonic  flows,  it  has  been  suggested  by 
Bradshaw^^  and  others  that  the  primary  turbulence  structure 
parameters  do  not  respond  immediately  to  the  application  of 
“extra”  strain  rates.  Similarly,  the  response  of  the  turbu¬ 
lence  structure  parameters  will  not  be  instantaneous  to  the 
removal  of  the  “extra”  strain  rates.  Figure  10  suggests  quite 
a  different  picture  in  the  present  flow.  In  fact,  at  the  onset  of 
the  adverse  pressure  gradient,  the  primary-to-secondary  nor¬ 
mal  stress  ratio  is  already  decaying  to  lower  levels.  At  or 
slightly  downstream  of  reattachment,  the  “extra”  strain  rates 
associated  with  streamline  curvature,  bulk  compression,  and 
streamline  convergence  are  greatly  diminished  (i.e.,  realign¬ 
ment  is  almost  complete),  and  the  effect  on  the  normal  stress 
ratios  shown  in  Fig.  10  is  an  asymptotic  approach  to  lower 
values  in  the  downstream  wake.  Of  course,  as  the  wake  con¬ 
tinues  to  develop,  the  anisotropy  in  the  Reynolds  normal 
stresses  will  eventually  vanish  as  the  turbulence  energy  re¬ 
distribution  mechanisms  overwhelm  the  decreasing  shear 
across  the  wake.  The  direct  impact  of  the  “extra”  strain 
rates  on  the  normal  stress  ratio,  (cr^/czi,)^,  appears  to  be 
immediate,  which  may  be  an  indication  of  an  even  stronger 
coupling  between  the  strain  rates  and  the  turbulence  field  in 
compressible  flows  than  those  ascertained  previously  for  in¬ 
compressible  flowfields. 


In  addition  to  the  distribution  of  the  turbulence  energy 
among  the  normal  stresses,  turbulence  models  oftentimes  use 
a  shear  stress-to-normal  stress  ratio  for  Reynolds  stress  clo¬ 
sure.  Distributions  of  two  popular  ratios,  ^  {u^v')fk  and 
are  shown  in  Fig.  11  where  k  is  the  turbulent  kinetic 
energy  defined  by  the  following  relation: 
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and  is  the  shear  stress  correlation  coefficient  defined  by: 


R 


uv 


-Wv') 


(2) 


It  is  apparent  from  Fig.  1 1  that  the  reattachment  process  has 
a  greater  impact  on  the  Reynolds  shear  stress  than  it  does  on 
the  normal  stresses  as  both  ratios  decay  monotonically 
throughout  the  reattachment  zone.  Similar  to  the  normal 
stress  distributions  of  Fig.  10,  the  effects  of  the  “extra” 
strain  rates  are  felt  immediately  at  the  onset  of  recompres¬ 
sion.  In  contrast,  however,  the  shear  stress-to-normal  stress 
ratios  shown  in  Fig.  1 1  continue  to  decrease  beyond  reattach¬ 
ment  and  do  not  appear  to  be  approaching  an  equilibrium 
state  at  the  last  measurement  station  shown.  The  magnitude 
of  the  shear  stress-to-turbulent  kinetic  energy  ratio 
-  {u*v')lk  is,  in  general,  larger  than  but  approaching  the 
“typical”  value  of  0.3  first  suggested  by  Harsha  and  Lee^"^ 
and  still  commonly  used  in  turbulent  flow  calculations.  Simi¬ 
larly,  the  measured  shear  stress  correlation  coefficient  is 
larger  than  but  approaching  the  typical  range  of  0.4-0.5  for 
this  parameter.  The  decay  in  is  also  an  indication  of  the 
loss  in  organization  of  the  large-scale  turbulent  structures 
through  the  reattachment  region  as  discussed  in  the  previous 
section. 


D.  Quadrant  decomposition  anaiysis 

Additional  insight  into  the  structure  of  the  turbulence 
field  in  the  reattachment  region  can  be  gained  by  examining 
the  instantaneous  velocity  fluctuations  with  the  quadrant  de¬ 
composition  technique.  The  quadrant  analysis  method  has 
been  commonly  used  in  boundary  layer  flows^^"^^  to  deter¬ 
mine  the  frequency  and  strength  of  dynamic  boundary  layer 
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events  such  as  eddy  ejections  and  sweeps.  Herrin  and 
Dutton^^  have  recently  applied  this  technique  to  the  initial 
stages  of  compressible  shear  layer  development  in  the 
present  flowfield  and  have  found  it  to  be  useful  in  identifying 
the  orientation  and  qualitative  organization  of  the  large- 
scale,  energy-containing  eddies.  In  this  section,  the  quadrant 
decomposition  analysis  will  be  presented  for  the  data  in  the 
reattachment  region  of  the  present  flow. 

In  an  attempt  to  better  understand  the  organization  (co¬ 
herency)  of  the  large-scale,  energy-containing  eddies,  an  in¬ 
stantaneous  shear  angle,  is  defined: 

^  =  tan^‘(i;'/w'),  (3) 


where  u'  and  v'  are  instantaneous  velocity  fluctuations 
about  the  mean  velocity.  As  this  equation  indicates,  the  shear 
angle  is  essentially  the  angle  between  the  fluctuating  velocity 
vector  and  the  axial  direction  (assuming  the  swirl  component 
of  velocity  is  negligible).  At  each  spatial  location  where 
LDV  data  were  obtained,  an  ensemble  of  approximately 
4000  shear  angles  is  determined.  From  this  ensemble, 
discrete  probability  density  functions  (pdfs)  can  be  generated 
which  indicate  the  relative  probability  of  “'F',  falling  within  a 
range  of  angles,  +  where  is  the 

bin  width  of  the  pdf  (taken  as  4°  in  the  present  study).  Figure 
12  shows  representative  shear  angle  pdfs  in  the  reattachment 
region  of  the  present  flow.  Note  that  the  shear  angles  in  Fig. 
12  are  restricted  to  -90°  <  “4^,  <  90°  to  more  clearly 
document  pdfs  with  the  necessarily  limited  size  of  each  en¬ 
semble  (i.e.,  much  larger  ensembles  would  be  needed  to  ob¬ 
tain  smooth  pdfs  over  the  entire  360°  range).  In  the  shear 
layer  upstream  of  reattachment  [Fig.  12(a)],  a  well-defined 
peak  in  the  shear  angle  pdf  is  shown,  which  indicates  a  con¬ 
sistent  orientation  for  the  velocity  fluctuations  about  the 
mean  flow.  This  organization  in  the  shear  layer  turbulence 
field  is  consistent  with  previous  observations  of  large-scale 
turbulent  structures  in  compressible  shear  layers,  and  is  simi¬ 
lar  to  that  found  in  the  present  flowfield  near  the  shear  layer 
origin.^^  Note  that  the  overwhelming  majority  of  the  velocity 
fluctuations  yield  negative  shear  angles  which  is  indicative 
of  dynamic  events  falling  into  quadrant  2  (Q2)  or  quadrant  4 
(Q4).  A  Q2  event  is  generated  by  a  slower  moving  (u' 
<  0)  upward-oriented  (u '  >  0)  fluid  element  relative  to  the 
local  mean  flow.  Conversely,  a  faster  moving  («'  >  0) 
downward-oriented  (u'  <  0)  fluid  element  generates  a  Q4 
event.  As  Fig.  12  clearly  shows,  Q2  and  Q4  events  are  the 
dominant  physical  processes  in  the  shear  layer  throughout 
the  reattachment  region.  It  is  also  apparent  from  Fig.  12  that 
the  organization  of  the  turbulence  field  diminishes  through 
reattachment.  Although  the  shape  of  the  pdf  at  the  last  mea¬ 
surement  station  [Fig.  12(c)]  still  resembles  that  upstream  of 
recompression  [Fig.  12(a)],  the  dominance  of  the  peak  at 
negative  shear  angles  is  no  longer  as  strong.  This  behavior  is 
consistent  with  the  previous  observation  of  significant  reduc¬ 
tions  in  the  shear  stress  magnitude  and  correlation  coefficient 
through  the  reattachment  region  as  indicated  in  Figs.  6  and 
11,  respectively.  Clearly,  the  large-scale  structures  present  at 
the  onset  of  recompression  can  negotiate  the  adverse  pres¬ 
sure  gradient  associated  with  reattachment,  but  as  a  whole 
they  lose  strength  and  organization  in  the  process. 


FIG.  12.  Shear  angle  histograms  near  reattachment:  (a)  x/xf^  =  0.56,  (b) 
jc/a>  =  1.01,  {c)  x/Xf(  =  1.46. 


Due  to  space  limitations,  pdfs  at  only  three  spatial  loca¬ 
tions  for  the  reattaching  shear  layer  are  shown  in  Fig.  12  (the 
radial  locations  correspond  to  those  of  peak  shear  stress  for 
each  axial  location).  Shear  angle  pdfs  were  also  computed 
for  several  other  locations  in  the  shear  layer  along  radial 
traverses  at  the  same  axial  stations  as  the  data  in  Fig.  12.  By 
assuming  that  the  overall  degree  of  turbulence  organization 
at  any  location  is  proportional  to  the  peak  value  of  the  pdf,  it 
is  possible  to  make  a  two-dimensional  comparison  (axial  and 
radial)  of  the  overall  effect  of  the  reattachment  process  on 
the  turbulence  structure.  Figure  13  presents  such  a  compari¬ 
son  between  the  data  upstream  of  reattachment  {x/xf^ 
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FIG.  13.  Shear  angle  probability  distributions  upstream  and  downstream  of 
reattachment. 


=  0.56)  and  that  obtained  downstream  of  reattachment 
=  1.46).  Radial  profiles  of  the  peak  probability  (in 
percent)  of  the  pdf  at  each  station  are  shown  for  each  axial 
location.  In  addition,  the  radial  location  of  the  local  maxi¬ 
mum  total  shear  stress  (« 'y ')  is  also  indicated  for  each  pro¬ 
file.  By  comparing  the  two  profiles  in  Fig.  13,  it  is  apparent 
that  the  turbulence  field  upstream  of  reattachment  is  more 
organized  over  a  large  portion  of  the  shear  layer  than  that  in 
the  developing  wake.  Note  that  in  the  upstream  shear  layer, 
the  probability  profile  in  Fig.  13  forms  a  definite  peak  similar 
to  that  shown  in  Fig.  5  for  the  total  shear  stress  profile  and, 
as  expected,  is  a  maximum  near  the  peak  shear  stress  loca¬ 
tion.  Not  only  is  the  probability  profile  downstream  of  the 
reattachment  region  of  smaller  magnitude  than  the  peak  lev¬ 
els  in  the  upstream  shear  layer,  but  the  peak  probability  also 
decreases  in  magnitude  as  the  axis  of  symmetry  is  ap¬ 
proached.  Although  somewhat  inconclusive,  due  to  limited 
data,  it  appears  that  the  peak  probabilities  in  the  wake 
(x/x/f  =  1.46)  occur  at  radial  distances  beyond  the  peak 
shear  stress  location.  The  physical  reasoning  for  this  obser¬ 
vation  is  not  clear,  but  it  suggests  that  the  large-scale  struc¬ 
tures  present  in  the  wake  flow,  although  weakened  and  less 
organized  as  a  result  of  the  reattachment  process,  are  still 
present  across  a  majority  of  the  wake,  particularly  at  larger 
radial  positions,  and  play  an  important  role  in  its  subsequent 
development.  Of  course,  as  the  mean  shear  rate  {dUldr) 
decays  with  downstream  distance,  one  would  expect  the 
large-scale  structures  to  continually  weaken. 

The  shear  angle  analysis  presented  above  considers  only 
the  angular  orientation  of  the  velocity  fluctuations  and,  there¬ 
fore,  no  information  about  the  strength  (magnitude)  of  the 
fluctuations  at  different  stages  in  the  reattachment  process  is 
provided.  For  this  reason,  a  conditional  quadrant  sorting 
technique  (sometimes  referred  to  as  a  hole  analysis)  is  uti¬ 
lized  here  to  provide  detailed  information  about  the  dynamic 
events  that  contribute  most  to  the  total  shear  stress  magni¬ 
tude.  In  this  technique,  the  magnitude  of  the  instantaneous 
product  (m'u')  is  compared  to  a  preset  threshold  and  subse¬ 
quently  sorted  into  a  particular  class  of  events.  The  sorting 
algorithm  can  be  symbolically  represented  as  follows: 


FIG.  14.  Quadrant  contributions  to  the  total  shear  stress,  (w'u'):  (a)  xfx^ 
=  0.56,  (b)  xixfi  =  l.Ol,  (c)  xfXft  =  1.46. 

If  then  (hole) 

if  then  Q1,Q2,Q3,  or  Q4 

which  indicates  that  (m'u')  realizations  are  placed  in  their 
respective  quadrants  if  their  magnitude  exceeds  the  thresh¬ 
old;  otherwise,  they  are  placed  in  a  fifth  category  called  the 
hole  which  contains  all  of  the  “weak”  velocity  fluctuation 
products.  The  hole  size  is  altered  parametrically  in  the  sort¬ 
ing  process  in  order  to  determine  which  quadrant  contains 
the  strongest  dynamic  events  in  the  flowfield. 

Representative  hole  diagrams  upstream  {xIxr  =  0.56), 
at  {xixfi  =  1.01),  and  after  {xIxr  =  1.46)  reattachment  are 
shown  in  Fig.  14  for  data  at  the  local  peak  shear  stress  radial 
location.  Note  that  the  independent  variable  in  these  dia- 
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grams  is  the  hole  size  {H)  and  the  plotted  variable  is  the 
percentage  contribution  of  each  quadrant  and  the  hole  region 
to  the  total  shear  stress.  The  quadrant  values  for  //  =  0 
correspond  to  shear  stress  contributions  in  the  absence  of 
conditional  sorting  (i,e..  vanishing  hole  region  or  conven¬ 
tional  averaging).  Upstream  of  reattachment  [Fig.  14(a)], 
large  and  approximately  equal  contributions  to  the  shear 
stress  are  indicated  for  Q2  and  Q4  events  with  large  instan¬ 
taneous  fluctuations  of  (w'u')  up  to  five  times  the  ensemble- 
averaged  value  (i.e.,  shear  stress  contributions  up  to  H 
=  5).  Also,  Q1  and  Q3  events  are  shown  to  contribute  very 
little  to  the  total  shear  stress  magnitude.  The  distributions 
shown  in  Fig.  14(a)  are  very  similar  to  those  presented 
previously^^  for  the  same  shear  layer  near  its  origin  (bound¬ 
ary  layer  separation  point).  At  the  shear  layer  reattachment 
point  [Fig.  14(b)],  however,  the  contribution  from  Q2  events 
exceeds  that  from  Q4  events,  and  at  the  end  of  reattachment 
[Fig.  14(c)]  a  significant  difference  between  the  Q2  and  Q4 
contributions  exists.  By  comparing  all  three  plots  in  Fig.  14, 
it  is  apparent  that  the  percentage  contributions  from  Q4 
events  remain  relatively  constant  throughout  the  reattach¬ 
ment  process.  It  has  been  shown  (Fig.  6)  that  the  peak 
ensemble-averaged  shear  stress  magnitude  decreases  sharply 
through  reattachment  [the  conventionally  averaged  total 
shear  stress  (w'u')  for  the  data  in  Fig.  14(c)  is  at  least  three 
times  smaller  than  that  in  Fig.  14(a)].  Therefore,  Fig.  14 
suggests  that  since  the  total  contributions  from  Q4  events 
decrease  at  a  rate  nearly  identical  to  that  for  the  total  shear 
stress,  it  is  the  attenuation  of  these  events  that  plays  a  large 
role  in  the  overall  decrease  of  the  Reynolds  shear  stress 
through  reattachment.  In  contrast,  the  shear  stress  contribu¬ 
tion  from  Q2  events  increases  in  percentage  terms  through 
reattachmeni  which  implies  a  persistence  of  these  events 
throughout  the  reattachment  process.  Notice  that  in  the  de¬ 
veloping  wake  [Fig.  14(c)],  large  instantaneous  Q2  fluctua¬ 
tions  over  ten  limes  greater  than  the  ensemble-averaged 
shear  stress  (i.e.,  H  >  10)  have  been  measured. 

The  obvious  question  that  comes  to  mind  after  the  pre¬ 
ceding  discussion  is:  what  exactly  are  instantaneous  Q2  and 
Q4  events  in  the  shear  layer  and  how  are  they  related  to  the 
passage  of  large-scale  turbulent  structures?  Considering  the 
evolution  of  these  structures,  a  Q4  event  {u*  >  0,  u' 
<  0)  is  consistent  with  the  influx  (entrainment)  of 
freestream  fluid  into  the  shear  layer  or  wake  as  part  of  a 
clockwise  eddy  rollover  process  in  the  convective  frame  of 
reference.  Conversely,  a  Q2  event  («'  <  0,  u'  >  0)  could 
correspond  to  the  backside  of  a  “typical”  clockwise  eddy 
that  carries  low-speed,  turbulent  fluid  away  from  the  center- 
line.  It  is  understood  that  this  description  of  Q2  and  Q4 
events  is  necessarily  simplistic  due  to  the  complicating  dif¬ 
ferences  between  incompressible  planar  mixing  layers 
(where  the  dynamics  of  large-scale  structures  are  better  un¬ 
derstood)  and  the  current  reattaching  shear  layer.  However, 
by  using  these  simplified  descriptions,  the  decay  in  Q4 
events  relative  to  Q2  events  through  the  reattachment  region 
is  consistent  with  a  reduction  in  the  entrainment  of  mass  at 
the  outside  edge  of  the  wake.  In  fact,  the  {u*u*v')  triple 
product  profiles  in  Fig.  8  confirm  the  suspected  loss  in  the 


transport  of  turbulence  energy  toward  the  axis  of  symmetry 
in  the  wake  region  (axisymmetric  containment  effect),  espe¬ 
cially  compared  to  that  in  the  shear  layer  upstream  of  reat¬ 
tachment.  In  addition,  the  last  axial  station  shown  in  Fig.  8 
indicates  that  the  overwhelming  majority  of  the  radial  trans¬ 
port  of  turbulence  energy  in  the  wake  is  away  from  the  axis, 
which  is  consistent  with  the  quadrant  decomposition  analysis 
results  discussed  above. 

IV.  SUMMARY  AND  CONCLUSIONS 

Experimental  data  on  the  turbulence  structure  of  a  reat¬ 
taching  supersonic  axisymmetric  shear  layer  have  been  pre¬ 
sented.  In  contrast  to  the  planar  solid  wall  reattachment  prob¬ 
lem,  the  present  work  investigates  reattachment  onto  the 
compliant  boundary  (i.e.,  no  solid  wall)  at  the  axis  of  sym¬ 
metry.  Detailed  mean  velocity  and  turbulence  measurements 
have  been  made  throughout  the  reattachment  region  to  docu¬ 
ment  the  overall  effect  of  the  many  “extra”  strain  rates, 
including  bulk  compression,  concave  streamline  curvature, 
and  lateral  streamline  convergence.  From  these  data,  the  fol¬ 
lowing  conclusions  can  be  drawn: 

(1)  The  Reynolds  stress  field  throughout  the  reattach¬ 
ment  zone  is  far  different  than  that  found  in  planar  solid  wall 
reattachment  studies.  In  the  present  case,  immediate  reduc¬ 
tions  in  the  axial  normal  stress  and  primary  shear  stress  are 
discernible  at  the  onset  of  the  adverse  pressure  gradient  as¬ 
sociated  with  reattachment.  Downstream  of  the  reattachment 
point,  all  Reynolds  stresses  decay  as  the  mean  shear  rate 
decreases  with  downstream  distance.  These  findings  also  in¬ 
dicate  a  significant  difference  between  axisymmetric  and 
two-dimensional  reattachment  flowfields  most  likely  caused 
by  the  substantial  effect  of  lateral  streamline  convergence 
near  the  axis  of  symmetry. 

(2)  The  velocity  triple  products  through  the  reattachment 
region  indicate  a  containment  of  large-scale  eddies  along  the 
centerline  similar  to  that  observed  in  subsonic,  solid  wall 
reattachment  studies.  This  results  in  a  relative  decrease  in  the 
transport  of  turbulence  energy  toward  the  centerline  down¬ 
stream  of  reattachment.  The  reattachment  effect  on  the 
streamwise  transport  of  turbulence  energy  was  minimal  com¬ 
pared  to  that  on  the  radial  component. 

(3)  The  axial-to-radial  normal  stress  anisotropy  ratio  was 
strongly  affected  by  the  initial  stages  of  the  reattachment 
process,  although  shortly  downstream  of  reattachment,  rela¬ 
tively  constant  values  were  maintained.  Throughout  reattach¬ 
ment,  the  two  secondary  normal  stresses  (radial  and  tangen¬ 
tial)  maintained  essentially  equal  magnitudes.  Other 
turbulence  structure  parameters  {{u*v')lk  and  /?„„)  showed 
significant  reductions  through  reattachment  which  suggests  a 
loss  of  organization  of  the  large-scale,  shear  stress -producing 
structures. 

(4)  The  results  of  a  quadrant  decomposition  analysis  of 
the  turbulence  data  support  the  notion  of  decaying  turbulent 
structures  through  the  reattachment  region.  The  overall  orga¬ 
nization  of  the  velocity  fluctuations  is  reduced  in  the  wake 
relative  to  that  in  the  shear  layer  approaching  reattachment. 
In  addition,  a  reduction  in  the  strength  of  Q4  events  (w' 
>  0,  v'  <  0)  suggests  reduced  turbulence  transport  toward 
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the  axis  relative  to  that  away  from  the  axis  in  the  developing 
wake,  similar  to  that  observed  in  the  velocity  triple  product 
profiles. 
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ABSTRACT 

The  separation  shock  wave  motion  in  a  plume-induced,  boundary  layer  separated  flowfield  was 
studied  experimentally.  The  statistical  properties  of  the  shock  wave  motion  were  determined 
over  the  intermittent  region  using  time-series  analyses  of  wall  static  pressure  fluctuation 
measurements.  The  standard  deviation  of  the  pressure  fluctuations,  nondimensionalized  by  the 
local  mean  pressure,  reached  a  maximum  of  0.22  near  the  middle  of  the  intermittent  region.  The 
ratio  of  the  maximum  standard  deviation  of  the  pressure  fluctuations  over  the  intermittent  region 
to  the  mean  pressure  difference  across  the  intermittent  region  was  calculated  to  be  0.43  for  this 
flowfield.  Both  of  these  quantities  demonstrate  that  the  unsteady  pressure  loading  caused  by  the 
shock  wave  motion  has  essentially  the  same  magnitude  in  plume-induced  separated  flowfields  as 
in  flowfields  produced  by  solid  boundary  protuberances. 


INTRODUCTION 

The  phenomenon  of  plume-induced  boundary  layer  separation  (PIBLS)  occurs  on 
atmospheric  flight  vehicles  when  the  boundary  layer  on  the  afterbody  separates  upstream  of  the 
base,  rather  than  at  the  base,  as  a  result  of  the  exhaust  plume  expanding  into  and  interacting  with 
the  external  freestream.  The  unsteady  separation  shock  wave  motion,  which  is  known  to 
accompany  the  occurrence  of  plume-induced,  turbulent  boundary  layer  separation,  Ms  a  topic 
that  has  received  little  attention  in  the  past  and  is  the  subject  of  the  present  investigation. 

The  only  studies  2-4  of  unsteady  shock  wave  motion  associated  with  plume-induced 
separation  known  to  the  authors  were  conducted  with  a  wall-mounted,  cone-cylinder-finned 
model  in  a  variable  Mach  number  (2.5  to  3.5)  wind  tunnel.  A  secondary  jet  of  cold  air,  at  an  exit 
plane  Mach  number  of  2.94  and  an  angle  of  74°  with  respect  to  the  freestream  flow  direction, 
exhausted  from  a  conical  nozzle  near  the  aft-end  of  the  model.  The  capability  of  pulsing  the 
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plume  was  included  in  the  wind  tunnel  model  design  to  simulate  combustion  instabilities  of 
liquid  propellant  engines.  In  summary,  these  studies^'^  found  a  natural  unsteadiness  associated 
with  the  separation  process  in  all  of  the  PIBLS  flowfields  produced  with  the  wind  tunnel  model 
(even  in  the  absence  of  plume  pulsing).  Based  upon  measurements  made  from  numerous 
schlieren  movie  frames,  the  unsteadiness  associated  with  the  separation  process  produced  a 
length  scale  for  the  intermittent  region  that  was  on  the  order  of  a  few  boundary  layer  thicknesses. 
A  sparsely  distributed  set  of  fast-response  pressure  transducer  measurements  was  made  across 
the  intermittent  region  (i.e.,  the  region  of  shock  wave  motion)  and  analyzed  using  standard  time- 
series  analysis  techniques.  A  power  spectral  density  estimate  computed  from  one  of  the 
pressure-time  histories  suggested  that  the  energy  of  the  pressure  fluctuations  associated  with  the 
shock  wave  motion  had  a  dominant  characteristic  frequency  of  approximately  100  Hz  and  was 
mostly  contained  below  1  kHz.  The  effect  upon  the  separation  shock  wave  motion  of  pulsing  the 
plume  flow  at  discrete  frequencies  over  the  range  between  12.5  Hz  and  1  kHz  was  minimal. 
Rather  than  the  separation  shock  wave  oscillating  at  the  discrete  pulsing  frequency  of  the  plume, 
the  separation  shock  wave  motions  occurred  over  a  wide  frequency  range  regardless  of  the  plume 
pulsing  frequency. 

In  contrast  to  the  unsteadiness  found  in  shock  wave/turbulent  boundary  layer  interactions 
(SWBLIs)  caused  by  a  compliant  aerodynamic  boundary  (PIBLS  flowfields),  unsteadiness  in 
SWBLI  flowfields  produced  by  solid  boundary  protuberances  has  received  a  significant  amount 
of  attention  over  the  past  fifteen  years.  ^  Pressure  fluctuation  measurements  have  been  made 
over  the  intermittent  regions  of  SWBLI  flowfields  produced  by  compression  ramps, 
effectively  semi-infinite  circular  cylinders,^’ sharp-edged  fins  at  angles  of  attack,  and 
hemicylindrical  blunt-edged  fins  at  angles  of  attack.  The  unsteady  characteristics  of  the 
shock  wave  motion  have  been  determined  for  these  geometries  by  analyzing  both  individually 
and  simultaneously  acquired  pressure-time  histories  with  standard  time-series  analysis 
techniques  and  conditional  analysis  methods.  Although  quantitative  differences  in  the  unsteady 
characteristics  of  the  separation  shock  wave  motion  exist  for  these  four  geometries,  the 
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characteristics  found  in  these  interactions  qualitatively  show  many  similar  features.  The 
similarities  include  bimodal  probability  density  function  (PDF)  estimates  of  the  pressure 
fluctuation  amplitudes  over  the  intermittent  region,  streamwise  distributions  of  the  standard 
deviation  of  the  pressure  fluctuations  that  reach  rather  large  (relative  to  the  incoming  boundary 
layer  and  the  separated  flowfield)  maximum  values  near  the  middle  of  the  intermittent  region, 
and  streamwise  distributions  of  the  skewness  and  kurtosis  coefficients  that  reach  rather  large 
values  near  the  upstream  edge  of  the  intermittent  region.  Also,  in  nominally  two-dimensional  or 
quasi-two-dimensional  interactions,  the  power  spectral  density  (PSD)  estimates  show  that  most 
of  the  energy  contained  in  the  pressure  fluctuations  caused  by  the  shock  wave  motion  is 
distributed  over  the  frequency  range  between  approximately  100  Hz  and  1  kHz.  The  range  of 
frequencies  associated  with  the  energy  contained  in  the  pressure  fluctuations  caused  by  the  shock 
wave  motion  increases  as  the  sweepback  angle  of  the  interaction  increases  for  the  compression 
ramp,  circular  cylinder,  and  blunt-  and  sharp-edged  fin  geometries. 

A  two-part  model  that  describes  the  physical  mechanisms  responsible  for  the  unsteady 
separation  shock  wave  motion  in  SWBLI  flowfields  has  recently  been  hypothesized.  The 
model  divides  the  separation  shock  wave  motions  into  small-scale  or  "jittery"  motions  and  large- 
scale  or  global  motions.  In  the  first  part,  the  shock  wave  motions  are  caused  by  fluctuations 
(attributed  to  turbulence  in  the  incoming  boundary  layer  near  the  separation  shock)  in  the  ratio  of 
static  quantities  across  the  shock  foot.  In  the  second  part,  the  shock  wave  motions  are  caused  by 
the  expansions  and  contractions  or  "trembling  motions"  of  the  separated  flow  region.  Thus,  since 
the  internal  stmcture  and  dynamics  of  the  separation  bubble  are  unique  to  each  type  of  geometry 
causing  the  SWBLI,  it  is  not  surprising  that  each  geometry  would  have  a  set  of  unsteady  shock 
wave  characteristics  with  unique  quantitative  values. 

As  a  result  of  these  experimental  studies,  the  statistical  characteristics  of  the  separation 
shock  wave  motion  in  SWBLIs  produced  by  solid  boundary  protuberances  have  been  well 
documented.  These  studies  have  shown  that  the  unsteady  separation  shock  wave  motion  is 
responsible  for  some  of  the  largest  aerodynamic  loads^^  and  highest  heat  transfer  rates  that 
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occur  in  high-speed  flight.  If  the  pressure  fluctuations  in  PIBLS  flows  are  similarly  large,  then 
the  occurrence  of  PIBLS  is  indeed  important  because  of  the  large  aerodynamic  loads  and  high 
heat  transfer  rates  that  would  undoubtedly  accompany  the  unsteady  shock  wave  motion. 
However,  no  experimental  measurements  exist  of  these  phenomena.  Therefore,  the  objective  of 
the  current  paper  is  to  determine  the  unsteady  characteristics  of  the  separation  shock  wave 
motion  in  a  PIBLS  flowfleld  by  analyzing  surface  pressure  fluctuation  measurements  using 
standard  time-series  analysis  techniques. 

EXPERIMENTAL  PROGRAM 

Wind  Tunnel  Facility 

The  experiments  were  conducted  in  the  Gas  Dynamics  Laboratory  of  the  University  of 
Illinois  at  Urbana-Champaign.  A  blowdown  wind  tunnel  facility,  which  was  specifically 
designed  to  produce  plume-induced  separated  flowfields,  was  constructed  for  this  investigation 
and  is  shown  in  Figure  1.  Clean,  dry,  high-pressure  air  was  supplied  to  the  plenum  chamber 
from  a  146  m^  capacity  tank  farm  and  two  air  compressors,  while  maintaining  a  constant 
stagnation  pressure  in  the  plenum  chamber  with  an  electro-pneumatic  control  valve  installed  in 
the  air  supply  line.  The  plenum  chamber  fed  two  inlet  pipes  which,  in  turn,  fed  the  two  streams 
of  the  PIBLS  wind  tunnel  test  section. 

A  cross-sectional  view  along  the  centerline  of  the  PIBLS  wind  tunnel  test  section  is  shown  in 
the  insert  of  Figure  1.  The  test  section  incorporates  a  two-dimensional  planar  geometry  and 
produces  two  co-flowing,  uniform,  supersonic  streams  using  fixed,  converging-diverging,  half¬ 
nozzles.  A  flowfield  width  of  50.8  mm  was  maintained  in  the  test  section  from  upstream  of  the 
nozzle  blocks  to  downstream  of  the  subsonic  diffuser.  A  flow  conditioning  module,  consisting 
of  a  honeycomb  section  and  two  screens,  was  installed  upstream  of  each  nozzle  block.  The 
Mach  1.5  lower  stream  (inner  Jet)  impinged  upon  the  Mach  2.5  upper  stream  (freestream)  at  a 
relative  angle  of  40®  and  across  a  12.7  mm  base  height.  Each  test  section  inlet  pipe  contained  a 
manually  adjustable  valve  for  independently  regulating  the  stagnation  pressure  of  each  stream. 
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By  adjusting  the  inner  jet  flow  stagnation  pressure,  the  boundary  layer  on  the  bottom  wall  of  the 
freestream  was  induced  to  separate  upstream  of  the  base  comer  and  thereby  form  a  plume- 
induced  separated  flowfield  in  the  test  section.  A  glass  window  assembly  mounted  in  each 
sidewall  near  the  base  region  permitted  optical  access  to  the  PIBLS  flowfield,  which  was 
visualized  using  schlieren  and  shadowgraph  techniques.  The  schlieren  photo  shown  in  Figure  2 
clearly  demonstrates  that  plume-induced,  boundary  layer  separation  occurs  in  the  test  section  at  a 
jet  static  pressure-to-freestream  static  pressure  ratio  (JSPR)  of  2.35.  When  the  schlieren  (or 
shadowgraph)  light  source  was  operated  in  the  continuous  mode,  the  separation  shock  wave  was 
clearly  seen  to  undergo  streamwise  translations  at  all  JSPRs  of  tunnel  operation. 

Flow  Conditions 

The  stagnation  pressure  of  each  stream  was  measured  with  a  stagnation  pressure  probe 
mounted  upstream  of  each  nozzle  block,  and  the  stagnation  temperature  was  measured  with  an 
iron-constantan  thermocouple  mounted  in  the  plenum  chamber.  The  data  reduction  assumed 
adiabatic  flow  conditions.  The  stagnation  temperature  was  298  K  (±1.5  K).  In  the  freestream, 
the  stagnation  pressure  was  503  kPa  (±1.5  kPa)  and  the  unit  Reynolds  number  was  47.1  x  10^ 
m*l  (±0.5  X  10^  m'l).  The  Mach  number  in  this  freestream  was  computed  from  static  pressure 
measurements  made  using  pressure  taps  mounted  in  the  lower  wall  and  was  found  to  be  2.50 
(dtO.Ol)  at  a  location  30  mm  upstream  of  the  base  plane.  Similarly,  the  Mach  number  of  the  inner 
jet  was  computed  to  be  1.51  (±  0.01)  at  a  location  12.7  mm  upstream  of  the  base  plane. 

One-component  laser  Doppler  velocimeter  (LDV)  measurements  were  made  along  a  vertical 
centerline  traverse  across  the  height  of  the  freestream  flow  30  mm  upstream  of  the  base  plane. 
From  these  LDV  measurements,  the  streamwise  turbulence  intensity  was  found  to  be  0.015  ± 
10%  across  the  uniform  flow  region  of  the  freestream.  From  the  mean  velocity  measurements 
made  in  the  boundary  layer  adjacent  to  the  lower  wall  of  the  freestream,  a  wall-wake  velocity 
profile  was  curve  fit  to  the  experimental  velocity  data  using  the  method  of  Sun  and  Childs. 
The  details  of  the  procedure  are  given  in  Ref.  20.  The  incoming  turbulent  boundary  layer 
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properties  were  determined  from  the  Sun  and  Childs  curve  fit  and  are  reported  in  Table  1.  The 
boundary  layer  properties  given  in  Table  1  generally  compare  favorably  with  other  equilibrium 
turbulent  boundary  layer  properties  reported  in  the  literature  for  similar  Mach  number  and 
Reynolds  number  conditions.  While  the  wake  strength  parameter  may  be  a  bit  high,  Femholz 
and  Finley^l  suggest  that  a  universal  value  of  11  applicable  to  all  equilibrium  turbulent  boundary 
layers  may  not  exist  for  compressible  flows  due  to  upstream  history  effects. 

Instrumentation 

Instantaneous  wall-pressure  fluctuations  were  measured  using  two  piezoresistive  pressure 
transducers  that  were  flush-mounted  and  spanwise-centered  in  the  lower  wall  of  the  freestream. 
The  upstream  and  downstream  pressure  transducers  were  located  19.1  mm  and  16.5  mm 
upstream  of  the  base  plane,  respectively.  The  pressure  transducers  were  Kulite  model  XCS-062- 
15G  transducers,  which  had  an  input  pressure  range  of  103.4  kPa  and  a  nominal  full-scale  output 
of  200  mV.  Each  transducer  was  configured  to  operate  in  the  gage  mode;  i.e.,  the  transducer 
produced  an  output  voltage  proportional  to  the  pressure  difference  across  the  diaphragm.  The 
back  side  of  the  diaphragm  was  referenced  to  the  static  pressure  of  the  freestream.  Each 
transducer  diaphragm  had  an  active  diameter  of  0.71  mm;  the  diaphragm  natural  frequencies 
were  measured  to  be  168  and  198  kHz  for  the  upstream  and  downstream  transducers, 
respectively.^®  The  transducers  were  statically  calibrated  since  shock  tube  experiments^^  with 
similar  transducers  have  shown  that  statically  calibrated  transducer  responses  are  within  a  few 
percent  of  dynamically  calibrated  transducer  responses.  The  calibration  was  performed  in  situ 
with  a  Sensotec  model  AG-300  digital  pressure  gage  equipped  with  a  206.8  kPa  pressure 
transducer  accurate  to  within  ±103.4  Pa. 

The  analog  output  signal  from  each  pressure  transducer  was  amplified  with  a  Measurements 
Group  model  2311  signal  conditioning  amplifier  and  then  low-pass  filtered  using  an  in-house 
built,  active  Butterworth  filter  circuit.  The  amplifier  also  supplied  the  15  volt  DC  excitation 
source  and  the  appropriate  DC  offset  voltage  to  the  transducer  bridge.  The  amplifier  had  a 
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continuously  variable  output  voltage  gain,  which  ranged  between  25  and  30  for  all  of  the 
intermittent  region  measurements,  and  a  -3  dB  cutoff  frequency  of  125  kHz  on  the  wide-band 
output  filter  setting  (used  in  all  the  experiments  described  herein).  The  three-stage,  six-pole,  in- 
house  built  filter  had  a  fixed  voltage  gain  of  4.3,  a  -3  dB  cutoff  frequency  of  50  kHz,  and  an 
attenuation  of  -36  dB/octave  in  the  transition  band.  The  output  signal  from  the  low-pass  filter 
was  digitized  with  a  National  Instruments  model  NB-A2000  analog-to-digital  converter  installed 
in  an  Apple  Macintosh  Ilfx  computer.  Each  channel  of  the  A/D  converter  was  equipped  with 
track-and-hold  circuitry,  and  had  an  input  voltage  range  of  ±5  volts  and  12-bit  resolution.  Before 
every  calibration,  the  voltage  gain  and  DC  offset  voltage  settings  on  each  amplifier  were  adjusted 
to  maximize  the  signal-to-noise  ratio  of  the  output  signal.  For  the  intermittent  region 
measurements,  this  procedure  was  done  at  the  largest  JSPR  used  in  each  set  of  experiments.  The 
rms  signal-to-noise  ratios  for  the  pressure  fluctuation  measurements  varied  from  15  to  20  in  the 
incoming  boundary  layer  and  from  55  to  300  over  the  intermittent  region. 

In  addition  to  the  two  Kulite  pressure  transducers,  29  static  pressure  taps  were  installed  in  the 
lower  wall  adjacent  to  the  freestream.  The  static  pressure  ports  were  0.64  mm  in  diameter  and 
were  normal  to  the  local  surface  along  a  single  span  wise  plane  offset  4.78  mm  from  the 
centerline.  Twenty-three  static  pressure  ports  were  uniformly  spaced  every  1.6  mm  beginning  at 
3.18  mm  upstream  of  the  base  plane  and  extending  to  38.1  mm  upstream  of  the  base  plane.  The 
remaining  six  static  pressure  ports  were  uniformly  spaced  every  6.35  mm  starting  at  42.9  mm 
upstream  of  the  base  plane.  The  mean  pressure  at  each  static  pressure  port  was  measured  with  a 
Pressure  Systems  model  DPT-6400T  digital  pressure  transmitter  and  stored  on  a  Gateway  2000 
486-33  computer.  Each  static  pressure  tap  was  connected  to  a  0-103.4  kPa  pressure  transducer 
mounted  in  the  DPT-6400T  using  a  piece  of  flexible  vinyl  tubing  approximately  1.5  m  long. 
Also,  the  stagnation  pressure  probe  used  to  sense  the  stagnation  pressure  in  each  stream  was 
connected,  in  the  same  manner,  to  a  0-689.5  kPa  pressure  transducer  mounted  in  the  DPT-64(X)T 
instrument.  The  pressure  transducers  in  the  DPT-6400T  were  calibrated  with  a  Consolidated 
Electrodynamics  Type  6-201-0001  dead-weight  tester. 
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Data  Acquisition 

The  two  Kulite  pressure  transducers  were  rigidly  mounted  in  the  test  section  of  the  PIBLS 
wind  tunnel.  With  the  pressure  transducer  locations  fixed,  the  JSPR  was  varied  in  order  to  move 
the  intermittent  region  over  the  transducers.  In  these  experiments,  the  JSPR  was  varied  by 
unthrottling  the  stagnation  pressure  of  the  inner  jet  from  210  kPa  to  269  kPa  in  increments  of 
roughly  3.4  kPa. 

Instantaneous  wall-pressure  fluctuation  measurements  were  made  throughout  the  intermittent 
region  by  sampling  the  two  pressure  transducers.  At  each  JSPR,  the  individually  sampled 
pressure  transducer  measurements  were  made  by  sampling  the  upstream  transducer  for  24 
seconds  at  a  rate  of  166,667  samples/second  and  then  sampling  the  downstream  transducer  for  24 
seconds  at  the  same  rate.  Mean  static  pressure  measurements  from  the  pressure  taps  in  the  lower 
wall  of  the  freestream  were  also  made  in  conjunction  with  the  individually  sampled  pressure 
transducer  measurements. 


ANALYSIS  TECHNIQUES 

All  statistical  quantities  presented  herein  were  computed  using  the  time-series  analysis 
techniques  recommended  by  Bendat  and  Piersol.23  in  addition,  a  conditional  analysis  method, 
the  two-threshold  method  box-car  conversion  (TTMBCC)  algorithm,  24  was  employed  to 
determine  the  intermittency  (the  percentage  of  time  the  shock  wave  was  upstream  of  a  given 
pressure  transducer).  Before  discussing  the  results  from  either  the  remote  (DPT-6400T)  or  in 
situ  (Kulite)  pressure  measurements,  several  comments  about  the  TTMBCC  algorithm  are 
appropriate. 

The  TTMBCC  algorithm  was  developed  by  Dolling  and  colleagues 24-26  at  the  University  of 
Texas  at  Austin.  As  the  name  suggests,  the  algorithm  employs  two  threshold  levels, 
Thi  =  p,yo  +  30p^^  and  Th2  =  p^o  +  Pwo  mean  pressure  of  the  incoming 

boundary  layer  and  is  the  rms  of  the  pressure  fluctuations  in  the  incoming  boundary  layer. 
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By  comparing  each  individual  pressure  realization  in  a  pressure-time  history  to  the  two  threshold 

levels,  the  instantaneous  location  of  the  separation  shock  wave  can  be  determined  as  being  either 

upstream  or  downstream  of  the  pressure  transducer.  The  precise  time  (to  within  the  sampling 

period)  when  the  shock  wave  crosses  upstream  of  the  pressure  transducer,  called  the  rise  time, 

and  downstream  of  the  pressure  transducer,  called  the  fall  time,  can  be  determined  for  all  shock 

wave  passages  in  the  pressure-time  history.  The  intermittency  is  then  calculated  from 

Nsc 

£(Fallk-Risek) 

Y  =  ^ -  (1) 

FallN^-Risei 

where  Fall^  is  the  fall  time  associated  with  the  k-th  downstream  shock  wave  crossing,  Risej.  is 
the  rise  time  associated  with  the  k-th  upstream  shock  wave  crossing,  and  Ng^  is  the  total  number 
of  fall  times  detected  in  the  pressure-time  history. 

The  intermittency  calculations  performed  in  the  current  study  used,  without  any  significant 
changes,  the  updated  version  of  the  TTMBCC  algorithm.26  a  sensitivity  analysis  of  the 
TTMBCC  algorithm  was  performed  with  the  PIBLS  data^®  in  order  to  evaluate  the  change  in 
magnitude  of  the  zero-crossing  frequency  (i.c.,  the  average  number  of  shock  wave  crossings  per 
second)  to  different  threshold  level  settings.  After  comparing  the  results  from  the  sensitivity 
analysis  performed  on  the  PIBLS  data  to  the  results  from  the  sensitivity  analysis  performed  on 
Mach  5  circular  cylinder  interaction  data,25  it  was  concluded  that  the  optimal  settings  for  Thj 
and  Th2  given  above  were  also  reasonable  choices  for  conditionally  analyzing  the  data  from  the 
PIBLS  flowfield  experiments.^® 

We  also  note  that  by  normalizing  the  rms  of  the  pressure  fluctuations  in  the  incoming 
boundary  layer  with  respect  to  the  wall  shear  stress  and  freestream  dynamic  pressure,  the  values 
^PwoAw  =  3.30  and  =  0.0044  are  obtained.  These  are  consistent  with  previous 

studies  of  supersonic  turbulent  boundary  layers.  20 
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RESULTS 


Results  from  the  remote  and  in  situ  pressure  transducer  measurements  will  be  presented  and 
discussed  in  the  following  sections.  Although  the  lower  stream  stagnation  pressure,  or  the  JSPR, 
was  the  actual  independent  variable  in  the  experiments,  some  of  the  results  will  be  presented  as  a 
function  of  intermittency  rather  than  JSPR.  A  plot  of  intermittency  versus  JSPR  over  the 
intermittent  region  is  shown  in  Figure  3  for  both  the  upstream  and  downstream  individually 
sampled  transducer  measurements.  While  the  downstream  transducer  measurements  spanned  the 
intermittent  region  from  y  =  3.9%  to  y  =  96.2%  over  a  range  of  JSPR  from  1.95  to  2.41,  the 
upstream  transducer  measurements  spanned  the  intermittent  region  from  y  =  3.8%  to  y  =  98.3% 
over  a  range  of  JSPR  from  2.05  to  2.49. 

Mean  Pressure  Measurements 

At  each  JSPR  shown  in  Figure  3,  four  mean  pressure  data  sets  were  acquired  with  the  DPT- 
6400T  transmitter  under  identical  wind  tunnel  operating  conditions.  The  four  data  sets  were  then 
averaged  and  the  result  is  reported  as  the  mean  pressure  distribution  along  the  lower  wall  of  the 
freestream.  Figure  4  shows  the  mean  static  pressure  distribution  at  five  strategic  JSPRs.  Each 
distribution  is  plotted  in  terms  of  absolute  pressure  versus  distance  from  the  base  plane,  X.  The 
X-axis  is  assumed  to  be  positive  in  the  downstream  direction  and  X  =  0  is  at  the  base  plane. 
Each  of  the  mean  static  pressure  distributions  is  labeled  with  the  appropriate  JSPR  and  the 
intermittency  computed  from  the  downstream  pressure  transducer  measurements.  Also,  the 
mean  pressures  determined  from  the  upstream  and  downstream  in  situ  pressure  transducer 
measurements  (labeled  as  "Kulites"  in  the  figure  caption)  are  shown  in  Figure  4. 

In  addition  to  spanning  the  intermittent  region,  each  of  the  streamwise  mean  static  pressure 
distributions  shown  in  Figure  4  also  includes  part  of  the  incoming  boundary  layer  and  part  of  the 
separated  flowfield  downstream  of  the  intermittent  region.  All  of  the  distributions  show  that  the 
mean  pressure  level  of  the  incoming  turbulent  boundaiy  layer  is  constant  at  approximately  29.6 
kPa  over  the  JSPR  range  from  1.95  to  2.41.  The  location  where  the  mean  static  pressure  first 
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rises  above  the  mean  pressure  level  of  the  incoming  turbulent  boundary  layer,  called  the  line  of 
upstream  influence,  moves  further  upstream  of  the  base  plane  as  the  JSPR  increased  from  1.95  to 
2.41,  as  expected.  The  mean  static  pressure  level  in  the  separated  flowfield  was  not  constant 
over  this  JSPR  range,  nor  was  the  mean  static  pressure  distribution  over  the  separated  flowfield 
constant  at  any  JSPR.  Fully  separated  flow  existed  immediately  downstream  of  the  downstream 
pressure  transducer  location  at  a  JSPR  of  2.41;  the  mean  pressure  distribution  for  this  case  shows 
that  a  significant  adverse  pressure  gradient  existed  in  the  separated  flowfield.  Based  upon  the 
other  mean  static  pressure  distributions  shown  in  Figure  4,  a  significant  adverse  mean  pressure 
gradient  existed  in  the  separated  flowfield  at  other  JSPR  settings  as  well. 

The  mean  pressure  measured  with  the  two  in  situ  pressure  transducers  was  observed  to  be 
slightly  lower  than  the  mean  pressure  measured  with  the  static  pressure  taps  over  most  of  the 
intermittent  region.  This  discrepancy  is  a  well-known  problem27  in  wind  tunnel  experiments 
involving  unsteady  pressure  fields  and  exists  because  of  pneumatic  resonance  effects  that  occur 
within  the  large  length/diameter  tubing  connecting  the  remote  pressure  transducers  to  the  static 
pressure  taps.  The  mean  pressures  computed  from  the  static  taps  were,  at  worst,  no  more  than 
10%  larger  than  the  mean  pressures  calculated  from  the  in  situ  pressure  transducers  over  the 
intermittent  region.  Since  the  mean  pressure  from  the  static  pressure  tap  measurements  was 
within  approximately  1%  of  the  mean  pressure  determined  from  the  in  situ  pressure  transducer 
measurements  in  both  the  low  (y  <  5%)  and  high  (y  >  95%)  intermittency  ranges,  the  mean 
pressure  can  be  determined  from  the  static  pressure  tap  measurements  near  the  line  of  upstream 
influence  and  near  the  separation  line.  This  fact,  when  combined  with  the  fast-response  pressure 
transducer  measurements  and  oil-streak  visualization  images,  was  used  to  estimate  the  length  of 
the  intermittent  region.^O  With  the  intermittent  region  defined  to  exist  between  the  y  =  4%  and 
y  =  96%  locations  for  any  JSPR,  the  length  of  the  intermittent  region  was  estimated  as  8. 1-9.4 
mm  (2.65q-3.05o)  and  17.3-17.5  mm  (5.45o-5.55o)  at  JSPRs  of  1.95  and  2.41,  respectively. 
Thus,  as  the  JSPR  increased  from  1.95  to  2.41,  not  only  did  the  intermittent  region  become 
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longer,  but  the  separated  flow  region  also  became  longer  and,  in  so  doing,  pushed  the 
intermittent  region  further  upstream. 

PDFs  of  the  Pressure  Fluctuation  Amplitudes 

PDF  estimates  of  the  pressure  fluctuation  amplitudes  were  calculated  at  each  JSPR  for  the 
upstream  and  downstream  pressure  transducer  measurements.  The  trends  in  the  PDF  estimates 
over  the  intermittent  region  were  similar  for  the  upstream  and  downstream  transducer  data. 
Figure  5  shows  PDF  estimates  of  the  pressure  fluctuation  amplitudes  calculated  from  the 
downstream  pressure  transducer  measurements  in  the  incoming  turbulent  boundary  layer,  across 
the  intermittent  region  at  the  same  five  JSPRs  as  Figure  4,  and  in  the  fully  separated  region  at  a 
JSPR  of  2.52.  Each  of  the  PDF  estimates  is  plotted  in  terms  of  Ni/(Nt*W)  versus  pressure 
where  Nj  is  the  number  of  pressure  realizations  occurring  with  a  value  of  pj  ±  W/2,  Nj  is  the 
total  number  of  pressure  realizations  in  the  pressure-time  history,  and  W  is  the  interval  width  of 
the  PDF  estimate  centered  at  pj  (W  =  172  Pa).  Also  shown  in  Figure  5  is  the  equivalent 
Gaussian  PDF  (with  the  same  mean  and  standard  deviation  as  the  actual  PDF)  for  each  of  the 
seven  estimates. 

The  actual  PDFs  were  essentially  Gaussian  distributions  in  the  incoming  boundary  layer  and 
in  the  fully  separated  region  downstream  of  the  intermittent  region.  The  width  of  the  PDF  was 
much  larger  for  the  fully  separated  region  at  a  JSPR  of  2.52  than  for  the  incoming  boundary 
layer,  indicating  that  the  pressure  fluctuation  amplitudes  were  larger  in  the  fully  separated  region 
than  in  the  boundary  layer. 

The  actual  PDF  was  strongly  skewed  from  its  equivalent  Gaussian  distribution  at  each  JSPR 
over  the  intermittent  region.  At  low  intermittency  values  (y  <  25%),  only  a  single  visible  peak 
was  present  in  the  actual  PDF  and  the  maximum  probability  associated  with  this  peak  occurred  at 
approximately  29.6  kPa.  The  cause  of  the  peak  was  clearly  the  pressure  fluctuations  present  in 
the  incoming  turbulent  boundary  layer.  Although  not  enough  pressure  fluctuations  from  the 
separated  flowfield  downstream  of  the  shock  wave  were  present  to  visibly  skew  the  actual  PDF 
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into  a  bimodal  shape  at  these  JSPRs,  the  equivalent  Gaussian  PDF  was  widened  noticeably 
beyond  the  width  of  the  actual  PDF  peak  caused  by  the  incoming  turbulent  boundary  layer.  This 
was  because  the  pressure  fluctuations  that  were  present  from  the  separated  flowfield  increased 
the  standard  deviation  computed  from  the  pressure-time  history  considerably  above  the  incoming 
turbulent  boundary  layer  value  (at  y  =  3.9%,  Gp^  /^Pwo 

As  the  intermittency  increased  (y  >25%),  the  shock  wave  spent  more  time  upstream  of  the 
pressure  transducer  and  enough  pressure  fluctuations  from  the  separated  flowfield  were  present 
to  visibly  skew  the  actual  PDF  into  a  bimodal  distribution.  The  second  peak  that  formed  in  the 
actual  PDF  occurred  at  a  higher  pressure  level  than  the  peak  caused  by  the  incoming  turbulent 
boundary  layer  and  occurred  at  a  pressure  level  that  depended  upon  the  JSPR.  This  trend  of  the 
second  peak  occurring  at  a  higher  pressure  as  the  JSPR  was  increased  is  consistent  with  the 
results  found  from  the  streamwise  mean  pressing  distribution  measurements  made  with  the  static 
pressure  taps  along  the  lower  wall  of  the  freestream.  Thus,  the  cause  of  the  second  peak  in  the 
actual  PDF  was  clearly  the  pressure  fluctuations  present  in  the  separated  flowfield  downstream 
of  the  instantaneous  shock  wave  location.  In  SWBLI  studies  produced  by  solid 
protuberances,^’^  PDF  estimates  of  the  pressure  fluctuation  amplitudes  across  the  intermittent 
region  were  also  found  to  be  strongly  skewed  from  equivalent  Gaussian  distributions  and  to 
exhibit  the  same  bimodal  nature  as  found  in  the  current  PIBLS  experiments. 

Higher-Order  Moments 

The  first  four  moments  (mean,  variance,  skewness,  and  kurtosis)  were  computed  for  each 
pressure-time  history  in  the  upstream  and  downstream  pressure  transducer  data  sets.  For  each 
moment,  the  data  from  both  pressure  transducers  collapsed  on  each  other  over  the  entire 
intermittent  region  when  plotted  against  intermittency. 

The  mean  wall  pressure,  p^^, ,  is  shown  in  Figure  6.  The  mean  wall  pressure  continuously 
increased  over  the  intermittent  region  from  an  incoming  turbulent  boundary  layer  pressure  of 
29.6  kPa  at  y  =  0%  to  an  extrapolated  pressure  of  52.4  kPa  at  y  =  100%.  The  mean  pressure 
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increased  in  a  nonlinear  manner  over  the  intermittent  region  because  the  pressure  level  increased 
in  the  separated  flowfield  and  the  region  of  separated  flow  extended  further  upstream  as  the 
JSPR  increased. 

The  standard  deviation  of  the  pressure  fluctuations  (cJp^ ) ,  nondimensionalized  by  the  local 
mean  pressure,  is  shown  in  Figure  7.  From  a  second  order  polynomial  equation  that  was  least- 
squares  curve  fit  to  each  experimental  data  set  (shown  as  lines  in  Figure  7),  /py^,  reached  a 

maximum  value  of  0.22  at  y  =  55%. 

The  occurrence  of  a  local  maximum  in  the  rms  pressure  distribution  over  the  intermittent 
region  is  a  characteristic  found  in  all  separated  SWBLI  flowfields  that  contain  unsteady  shock 
wave  motion.  For  unswept  compression  ramps  at  Mach  3,  maximum  values  of 
found  to  be  0.20  (Sq  =  22  mm)  and  0.18  (5q  =  12  mm)  for  a  24®  ramp, 6  and  0.15  (Sq  =  22  mm) 
and  0.1 1  (5q  =  22  mm)  for  a  20°  and  16°  ramp,^  respectively.  The  maximum  value  of  Op^  /p^ 
for  a  28°  unswept  compression  ramp  interaction  at  Mach  5^  was  found  to  be  0.34.  Dolling  and 
Smith  10  reported  maximum  values  of  Cp^  /p^y  between  0.25  and  0.28  for  circular  cylinders  at 
Mach  5,  while  Dolling  and  Bogdonoffl^  reported  values  ranging  between  0.18  and  0.29  for 
hemicylindrical  blunt  fins  at  Mach  3.  Thus,  the  maximum  t^p^y/Pw  value  of  0.22  for  the  PIBLS 
experiments  at  Mach  2.5  are  within  the  range  of  values  found  in  other  SWBLI  flowfields. 

The  strength  of  the  unsteady  shock  wave  motion,  defined  as  Op^  max/^shock  (where 
APghock  is  the  mean  static  pressure  difference  across  the  intermittent  region,  APjjjock  = 
Pw,y=96%  ~  Pwo)»  PIBLS  flowfield  measurements  was  calculated  to  be  0.43.  The 

strengths  of  the  unsteady  shock  wave  motion  in  compression  ramp,  circular  cylinder,  and  blunt- 
and  sharp-edged  fin  interactions  15  are  plotted  as  CJp^  max/^shock  versus  sweepback  angle  in 
Figure  8  along  with  the  results  from  the  current  PIBLS  wind  tunnel  experiments.  In  Figure  8,  all 
the  results  for  the  unswept  casesl5  are  offset  to  a  sweepback  angle  of  -1°,  and  the  results  from 
the  PIBLS  wind  tunnel  experiments  are  offset  to  a  sweepback  angle  of  +1°  for  clarity.  The  mean 
value  of  tJpyy.max/^shock  l^or  all  three  solid  protuberance  geometries  and  all  sweepback  angles 
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was  0.46.  Thus,  the  strength  of  the  separation  shock  wave  motion  was  essentially  the  same  in  the 
PIBLS  flowfield  as  in  the  SWBLI  flowfields  produced  by  solid  geometries. 

Although  not  shown  here  due  to  length  constraints  (see  Ref.  20),  the  skewness  coefficient, 
03,  and  kurtosis  coefficient,  04,  have  also  been  computed  for  this  PIBLS  interaction.  Both 
coefficients  are  noteworthy  because  of  the  large  maximum  values  they  attain  near  the  line  of 
upstream  influence  ( 03  =  5.9  and  =  62.8  at  y  =  1.4%).  A  large  maximum  value  of  0.7,  near 
the  line  of  upstream  influence  is  a  characteristic  that  has  been  observed  in  many  SWBLI 
experiments  involving  solid  protuberances.  The  maximum  value  of  03  near  the  line  of  upstream 
influence  ranged  between  8  and  10  for  circular  cylinder  interactions^®  at  Mach  5,  between  7  and 
8  for  unswept  compression  ramp  interactions at  Mach  3,  and  between  6  and  8  for 
hemicylindrical  blunt  fin  interactions  13  at  Mach  3.  No  maximum  values  for  04  have  been 
reported  in  the  literature. 

PSD  Estimates  of  the  Pressure  Fluctuations 

For  a  pressure-time  history,  p(t),  in  which  the  time  history  is  divided  into  n^  contiguous 
segments  and  each  segment  contains  N  data  values  (pj,,;  n  =  0,1,...,N-1  and  i  =  l,2,...,ndX 
the  one-sided  power  spectral  density  function  is  estimated  by 

2  9 

Gpp(fk)  =  '^^X|Pi(<'k)|  k  =  0,l,...,N/2  (2) 

where  At  is  the  time  between  consecutive  pressure  realizations  in  p(t)  and  the  discrete  fast 
Fourier  transform  (FFT)  components  for  each  segment  are  given  by 

Pi  (f  k )  =  At  5)  pi^n  expF  ^^^1  (3) 

n=0  L  IN  J 

at  the  discrete  frequencies  f  k  =  k/(N*  At)  k  =  0, 1, . . . ,  N  - 1 . 

For  the  purposes  of  computing  the  PSD  estimates  reported  herein,  each  pressure-time  history 
was  divided  into  488  contiguous  segments  (nj=488)  having  8192  pressure  realizations 
(N  =  8192)  in  each  segment.  The  frequency  resolution  of  the  PSD  estimates  (Af)  is  given  by 


15 


Af  =  l/(N*At)  to  be  12.2  Hz,  and  the  normalized  random  error  of  the  PSD  estimates  (Ej)  is 
given  by  =  l/->/n7  to  be  4.5%.  PSD  estimates  of  the  pressure  fluctuations  computed  from  the 
downstream  pressure  transducer  measurements  are  shown  in  Figure  9  for  the  incoming  boundary 
layer  upstream  of  the  intermittent  region,  for  the  intermittent  region  at  five  strategic  JSPRs,  and 
for  the  separated  flowfield  downstream  of  the  intermittent  region  at  a  JSPR  of  2.55.  The  PSD 
estimates  shown  in  Figure  9  are  plotted  as  Gpp(f)*f/^Pw  versus  f  in  a  linear-log  format.  Each 
PSD  estimate  was  normalized  by  the  variance  of  the  pressure-time  history.  Although  this 
normalization  was  beneficial  for  comparison  purposes,  care  must  be  taken  when  examining  the 
magnitude  of  the  normalized  PSD  estimates  for  the  incoming  boundary  layer  and  the  separated 
region  because  the  variance  of  the  pressure  fluctuations  (due  to  turbulence)  in  these  two  flow 
regimes  may  be  underestimated  due  to  frequency  response  limitations  of  the  pressure 
transducers.  Remember,  however,  that  it  is  the  pressure  fluctuations  caused  by  the  much  lower 
frequency  separation  shock  wave  motion  (at  intermediate  intermittencies)  that  are  of  primary 
interest  here. 

The  PSD  estimate  of  the  pressure  fluctuations  in  the  incoming  boundary  layer  was  dominated 
by  frequency  components  below  a  few  hundred  Hz.  Except  for  a  disturbance  centered  at  387  Hz 
(which  was  found  to  be  caused  by  the  somewhat  abrupt  geometrical  transition  between  the 
plenum  chamber  and  the  wind  tunnel  inlet  pipes),  these  pressure  fluctuations  were  not  caused  by 
physical  disturbances  in  the  boundary  layer  but  were  due  to  resonance  effects  associated  with  the 
reference  port  passageway  of  the  pressure  transducer.  Although  the  pressure  fluctuations  caused 
by  resonance  in  this  passageway  dominate  the  PSD  estimate  in  the  incoming  boundary  layer, 
these  pressure  fluctuations  are  small  compared  to  the  pressure  fluctuations  due  to  shock  wave 
crossings  that  appear  in  the  pressure-time  histories  across  the  intermittent  region  and,  therefore, 
these  pressure  fluctuations  have  no  effect  on  the  PSD  estimates  across  the  intermittent  region. 

The  PSD  estimates  computed  for  the  pressure-time  histories  taken  from  the  intermittent 
region  showed  that  most  of  the  energy  in  the  pressure  fluctuations  was  concentrated  over  the 
frequency  range  between  about  100  Hz  and  a  few  thousand  Hz.  For  pressure  fluctuations  above 
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10  kHz,  the  PSD  estimates  contained  no  significant  energy  until  the  highest  intermittencies  (e.g., 
Y  =  96.7%)  were  reached.  The  energy  of  the  pressure  fluctuations  taken  from  the  fully  separated 
flowfield  was  distributed  uniformly  over  a  frequency  range  between  a  few  hundred  Hz  and  50 
kHz  (the  cutoff  frequency  of  the  analog  filter).  This  change  in  the  PSD  distribution  occurred 
because  the  PSD  estimates  taken  from  the  intermittent  region  were  dominated  by  the  large 
pressure  fluctuations  caused  by  the  separation  shock  wave  translating  over  the  pressure 
transducer,  while  the  PSD  estimate  from  the  fully  separated  region  contains  high-frequency 
pressure  fluctuations  caused  by  turbulence  in  the  shear  layer  and  separated  region.  Thus,  the 
PSD  estimates  from  the  intermittent  region  of  the  PIBLS  flowfield  show  that  the  frequency  of  the 
shock  wave  motion  was  broadband  with  most  of  the  energy  occurring  over  a  frequency  range 
from  approximately  100  Hz  to  a  few  thousand  Hz,  depending  upon  the  exact  location  within  the 
intermittent  region. 

The  energy  of  the  pressure  fluctuations  acquired  from  the  intermittent  region  of  unswept 
compression  ramp  interactions^*^  was  also  distributed  over  the  frequency  range  from  a  few 
hundred  Hz  to  a  few  thousand  Hz.  Although  the  PSD  estimates  for  the  various  ramp  angles  (16° 
to  28°)  had  the  same  basic  broadband  shape,  the  dominant  center  frequency  of  the  spectral 
distribution  was  dependent  upon  the  ramp  angle.  The  center  frequency  decreased  as  the  ramp 
angle  increased.  The  center  frequency  was  approximately  1,000  Hz  for  a  16°  ramp  angle,  500  to 
1,800  Hz  for  a  20°  ramp  angle,  and  200  to  500  Hz  for  24°  and  28°  ramp  angles.  Thus,  the 
spectral  characteristics  of  the  energy  in  the  pressure  fluctuations  from  the  intermittent  region  of 
the  PIBLS  flowfield  were  very  similar  to  the  spectral  characteristics  of  the  unswept  compression 
ramp  interaction  at  the  larger  ramp  angles  of  24°  and  28°. 

CONCLUSIONS 

The  unsteady  characteristics  of  the  separation  shock  wave  motion  in  a  plume-induced 
separated  flowfield  were  determined  from  pressure  measurements  made  with  in  situ  and  remote 
pressure  transducers  over  the  jet  static  pressure  ratio  range  from  1.95  to  2.55.  Time-series 
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analysis  techniques  were  applied  to  the  pressure  fluctuation  measurements  taken  from  upstream, 
across,  and  downstream  of  the  intermittent  region.  The  PDF  estimates  of  the  pressure  fluctuation 
amplitudes  computed  from  the  intermittent  region  were  highly  skewed  from  the  equivalent 
Gaussian  distributions  and  typically  were  bimodal  in  character  at  intermittencies  greater  than 
approximately  25%.  The  maximum  value  of  Op^  /Pv^,  over  the  intermittent  region  was  found  to 
be  0.22  at  7  =  55%,  and  the  strength  of  the  unsteady  shock  wave  motion  (defined  as 
^Pw.max/^shock)  these  experiments  was  calculated  to  be  0.43.  Power  spectral  density 
estimates  from  the  intermittent  region  show  that  the  frequency  of  the  shock  wave  motion  was 
broadband  with  most  of  the  energy  occurring  over  a  frequency  range  from  approximately  1(X)  Hz 
to  a  few  thousand  Hz. 

In  conclusion,  many  of  the  statistical  properties  computed  for  this  plume-induced  separated 
flowfield  were  qualitatively  similar  to  the  statistical  properties  computed  for  two-dimensional 
shock  wave-boundary  layer  interaction  flowfields  produced  by  solid  geometries.  This  is  true 
even  though  the  size  of  the  separated  region  is  much  larger  for  this  plume-induced  separated  flow 
than  for  solid  boundary-induced  separation  and  although  the  PIBLS  separated  region  is  enclosed 
by  two  fluid  dynamically  compliant  shear  layers  rather  than  by  a  solid  boundary  and  a  single 
shear  layer.  Perhaps  these  observations  will  help  shed  some  light  on  the  source  of  the  large-scale 
unsteadiness  mechanisms  in  shock  wave-boundary  layer  interactions.  In  any  event,  it  is  clear 
that  the  unsteady  separation  process  that  can  accompany  the  occurrence  of  plume-induced, 
boundary  layer  separation  in  high-speed  flight  is  important  because  of  the  large  aerodynamic 
loads  that  occur  over  a  broad  frequency  range. 
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Table  1.  Incoming  turbulent  boundary  layer  properties  in  the  iq)per  stream 


Property 

Value 

boundary  layer  thickness,  8 

3.1  mm 

boundary  layer 
displacement  thickness,  5* 

■B 

boundary  layer 
momentum  thicteess,  9 

OJiS  mm 

boundary  layer  shape  factor, 

H=57e 

3.71 

wake  strength  parameter,  n 

1J8 

sldn  friction  coefricient,  Cf 

0.00131 

friction  veloci^,  Uf 

20.6  m/s 

High  Pressure  Air  Supply 


Upper  Stream  ^ 

\T  A  Cons 

Gate  Valve 


Plenum 

Chamber 
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Supp 

Star 


Constant  Area 
Diffuser 
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Lower  Stream 
Globe  Valve 


Cross-Sectional  ^^ew  of 
the  PIBLS  Test  Section 


Rgure  1.  Schematic  of  the  PIBLS  wind  tunnel  facility,  including  an  enlarged  cross 
sectional  view  of  the  PIBLS  test  section. 


Schlieren  photograph  (flashlamp  pulse  duration  of  1.4  ps)  of  the  near-wake  region 
in  the  PIBLS  wind  tunnel  at  a  JSPR  of  approximately  2.35. 
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Figure  3.  Plot  of  intermittency  versus  the  JSPR  for  the  upstream  and  downstream  pressure 
transducer  measurements. 
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Mean  static  pressure  distributions  on  the  lower  wall  of  the  freestream  at  five 
JSPRs  (•  Kulites;  O  DPT-6400T). 


Figure  5. 
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Figure  6.  Mean  pressure  versus  intermittency  across  the  intermittent  region  of  the  PIBLS 
wind  tunnel. 
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Nondimensionalized  standard  deviation  of  the  pressure  fluctuations  versus 
intemiittency  across  the  intermittent  region. 


Sweepback  Angle  (Degrees) 


Figure  8.  Strength  of  the  unsteady  shock  wave  motion  over  the  intermittent  region 
severd  SWBU  studies. 
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Figure  9. 


Normalized  power  spectral  density  esdmates  of  the  pressure  fluctuations  across  the 
intermittent  region. 
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NOMENCLATURE 


Mach  number,  or 
estimate  of  the  mean  velocity 

ensemble  size 

pressure 

Reynolds  number 

estimate  of  the  root-mean-square  velocity 
turbulent  kinetic  energy 
streamwise  mean  velocity 
instantaneous  streamwise  velocity 
freestream  velocity 
instantaneous  transverse  velocity 
flowfield  streamwise  and  transverse  coordinates 
Greek 

inflow  boundary  layer  thickness 

actual  mean  velocity 

actual  root-mean-square  velocity 

Symbol 

ensemble  averaged 

Superscript 

fluctuation  from  the  mean 

Subscript 

high-speed  and  low-speed,  respectively,  or 
upper  and  lower  streams,  respectively 


ABSTRACT 


Two-component  laser  Doppler  velocimetry  (LDV)  measurements  were  made  in  a  planar,  two-dimensional 
flow  containing  an  unsteady  oblique  shock  wave  formed  by  the  convergence  of  two  supersonic  streams  past  a  thick 
plate.  High-speed  wall  pressure  measurements  locate  the  shock  wave  and,  consequently,  allow  separation  of  the 
effects  of  shock  wave  motion  from  the  turbulence  fluctuations  in  the  LDV  measurements  of  the  shock-separated  free 
shear  layer.  In  the  current  flow  isolating  the  large-scale  changes  in  the  position  of  the  shock  from  the  turbulence 
primarily  reduces  the  experimental  scatter  rather  than  significantly  changing  the  shapes  or  magnitudes  of  the 
turbulent  stress  profiles.  Changes  in  the  direction  of  shock  motion  do  not  significantly  affect  the  mean  velocity,  but 
do  affect  the  turbulent  stresses. 

1  INTRODUCTION 

A  supersonic  plume-induced  boundary  layer  separated  (PIBLS)  flowfield  is  caused  by  the  interaction  of  the 
exhaust  plume  from  an  underexpanded  jet  with  the  boundary  layer  on  the  afterbody  surface  of  a  rocket  or  missile. 
As  the  flow  around  the  vehicle  encounters  the  blockage  caused  by  the  exhaust  plume,  an  oblique  shock  is  formed. 
This  shock  imposes  an  adverse  pressure  gradient  on  the  afterbody  boundary  layer  and,  if  strong  enough,  will  cause 
separation.  The  separation  process  is  unsteady  with  the  shock  wave  oscillating  in  the  streamwise  direction.  This 
unsteadiness  complicates  both  prediction  and  measurement  of  PIBLS  flowfields. 

Although  shock-induced  shear  layer  formation  in  front  of  solid  objects,  such  as  in  unswept  compression 
comer  flows,  has  been  extensively  investigated,  (Adamson  and  Messiter  1980;  Green  1970;  Dolling  1993)  only  four 
studies  of  turbulence  in  such  flows  exist  to  our  knowledge  (Ardonceau  1984;  Kuntz  1985;  Smits  and  Muck  1987; 
Selig  et  al.  1989).  However,  no  published  investigations  exist  of  turbulence  in  a  shock-induced  separation  caused  by 
a  second  fluid  stream.  Also,  current  computational  models  are  unable  to  accurately  predict  unswept  compression 
comer  and  PIBLS  flowfields  containing  shock-induced  separation,  and  detailed  experimental  data  are  needed  to 
allow  verification  of  improved  numerical  solutions,  including  improved  turbulence  models  for  these  flows 
(Dussauge  and  Dupont  1995). 

All  four  of  the  previously  mentioned  turbulence  studies  in  compression  comers  noticed  shock  wave 
unsteadiness  (i.e.,  streamwise  translation),  but  did  not  use  any  conditional  sampling  technique  to  isolate  its  effects. 
Whether  the  increased  turbulence  levels  measured  by  the  four  studies  were  due  to  actual  turbulent  velocity 
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fluctuations  or  by  the  shock  wave  unsteadiness  is  unclear.  The  measured  turbulence  levels  may  be  inaccurate  due  to 
the  motion  of  the  shear  layer  across  the  measurement  region.  In  a  recent  review,  Dussauge  and  Dupont  (1995) 
conclude  that,  to  date,  no  measurements  exist  concerning  the  impact  of  shock  motion  on  the  downstream  level  of 
turbulence.  Selig  and  Smits  (1991)  did,  however,  examine  the  effect  of  periodic  blowing  (inside  the  separated 
region)  on  the  shock  wave  unsteadiness  in  a  separated  compression  comer  flow.  Selig  and  Smits  succeeded  in 
changing  the  shock  wave  oscillation  frequency,  but  did  not  observe  any  difference  in  the  level  of  turbulence 
amplification  due  to  the  presence  of  blowing.  These  investigators  concluded  that  the  shock,  motion  was  not 
responsible  for  the  turbulence  amplification.  Although  Dussauge  and  Dupont  (1995)  cite  Selig  and  Smits'  (1991) 
study,  they  do  not  apparently  consider  it  as  conclusive  evidence  of  the  effect  of  shock  motion  on  turbulence. 

Several  facts  concerning  shock  wave  unsteadiness  in  compression  comers  are  now  known.  Erengil  and 
Dolling  (Erengil  and  Dolling  1990;  Erengil  and  Dolling  1991)  concluded  from  wall  pressure  measurements  in 
compression  comers  that  the  high-frequency  “jitter”  of  the  shock  wave  position  is  caused  by  the  convection  of  large- 
scale  turbulent  structures  in  the  boundary  layer  through  the  interaction.  The  low-frequency  (<  1  kHz),  large-scale 
“sweeps”  of  the  shock  wave  are  most  probably  caused  by  pressure  fluctuations  inside  the  separation  bubble.  Erengil 
and  Dolling  also  found  that  the  separation  bubble  “expands  and  contracts  like  a  balloon.”  This  is  believed  to 
correspond  to  pressure  fluctuations  inside  the  separated  region,  and  may  cause  the  shock  to  rotate  about  its  foot 
while  translating  in  the  streamwise  direction.  The  separation  shock  is  followed  by  a  series  of  compression  waves 
and  is  not  simply  a  single  shock  as  some  previous  researchers  have  suggested  (Erengil  and  Dolling  1991;  Dolling 
and  Murphy  1983). 

Conditional  analysis  has  been  successfully  used  with  LDV  in  periodic  flows  for  the  past  15  years,  but 
usually  the  flowfield  has  a  single  predictable  frequency,  such  as  in  turbomachinery  flows.  For  example,  in  an 
internal  combustion  engine  the  LDV  measurements  can  be  encoded  with  the  instantaneous  crank  angle  to  allow 
conditional  averages  to  be  formed  from  measurements  taken  at  a  particular  crank  angle  (i.e.,  cylinder  position)  (Rask 
1981;  Liou  and  Santavicca  1985;  Witze  et  al.  1984).  In  the  current  study,  however,  the  shock  motion  is  a  normally 
distributed  random  process  with  a  broad  range  of  frequency  components. 

The  one  previous  study  using  a  type  of  conditional  analysis  similar  to  that  used  here  for  a  shock  wave¬ 
boundary  layer  interaction  was  the  study  by  Kussoy  et  al.  (1988).  In  this  study,  Kussoy  et  al.  used  two-component 
LDV  to  investigate  a  Mach  2.85  flow  past  a  flared  cylinder.  To  increase  the  three-dimensionality  of  the  flowfield. 
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the  flare  was  swept  with  respect  to  the  cylinder  axis.  The  shock  wave  position  was  determined  using  high-speed 
shadowgraph  movies  and  six  pressure  transducers  placed  5  mm  apart  along  the  cylinder  centerline  upstream  of  the 
flare.  These  were  differential  pressure  transducers  using  the  undisturbed  wall  pressure  upstream  of  the  separation 
shock  wave  as  a  reference  pressure  (as  in  the  current  study).  Shock  positions  determined  with  the  shadowgraph 
visualizations  and  the  pressure  transducers  were  well  correlated.  This  indicates  that  differential  surface  pressure 
measurements  can  be  used  to  accurately  determine  shock  positions.  Kussoy  et  al.  used  the  following  conditional 
analysis  algorithm  to  divide  the  shock  positions  into  two  states:  "shock  forward”  and  “shock  back."  The 
shadowgraph  movies  were  first  used  to  determine  which  transducer  was  beneath  the  mean  shock  wave  position.  The 
velocity  realizations  were  then  sorted  according  to  the  instantaneous  pressure  level  at  this  transducer.  Those  with 
pressures  greater  than  one  standard  deviation  above  the  mean  pressure  were  considered  the  "shock  forward"  data  set. 
Those  with  pressures  less  than  one-half  standard  deviation  below  the  mean  pressure  were  considered  the  "shock 
back"  data  set  (Brown  et  al.  1987). 

The  primary  objective  of  this  study  is  to  demonstrate  a  technique  to  allow  characterization  of  the 
development  of  a  shock-separated  free  shear  layer  while  isolating  the  effects  of  shock  unsteadiness  from  the 
turbulent  velocity  fluctuations.  To  demonstrate  this  technique,  conditionally  analyzed  LDV  measurements  have 
been  made  along  the  spanwise  center  plane  in  a  PIBLS  flowfield  to  obtain  the  mean  velocity  components  and 
normal  stresses  in  both  the  streamwise  and  transverse  directions  as  well  as  the  <uV>  primary  Reynolds  shear  stress. 

2  EQUIPMENT 

2.1  Wind  Tunnel 

Figure  1  shows  the  blowdown-type  supersonic  wind  tunnel  used  in  this  study.  The  tunnel  supply  air  is 
provided  by  a  146  m^  tank  farm  which  is  at  892  kPa  prior  to  each  tunnel  run.  The  tank  farm  is  connected  to 
Ingersoll-Rand  and  Gardner-Denver  air  compressors  which  provide  0.68  kg/s  at  892  kPa  and  0.33  kg/s  at  789  kPa  of 
dry  air,  respectively.  This  air  supply  system  provides  a  tunnel  run  time  of  about  5  minutes  at  the  operating  point 
used  for  this  experiment.  Shaw  (1995)  gives  a  detailed  description  of  the  tunnel  design  and  testing. 

For  this  study,  absolute  stagnation  pressures  of  506  kPa  and  251  kPa  are  used  for  the  upper  and  lower 
streams  (see  Figure  2),  respectively.  These  stagnation  pressures  are  measured  with  pitot  tubes  located  just  upstream 
of  each  converging-diverging  nozzle.  A  globe  valve  in  the  lower  inlet  pipe  is  used  to  throttle  the  lower  stream  to 
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various  stagnation  pressures,  which  changes  the  static  pressure  ratio  between  the  two  streams  and,  therefore,  the 
mean  separation  shock  position.  An  iron-constantan  thermocouple  is  used  to  measure  the  plenum  chamber 
stagnation  temperature  during  each  tunnel  run.  Honeycombs  and  fine  mesh  screens  are  used  in  both  streams  to 
reduce  turbulence  in  the  incoming  flow.  (The  lower  stream’s  flow  conditioning  module  is  inside  the  tunnel  and  is 
not  shown  in  Figure  1 .) 

2.2  Flowfield 

Figure  2  shows  a  schematic  of  the  planar,  two-dimensional  flowfield  investigated  in  this  study.  The 
flowfield  consists  of  an  upper  Mach  2.5  stream  (unit  Reynolds  number,  Re=48.9xl0^  m'^)  and  a  lower  Mach  1.5 

stream  (Re=36.2xl0^  m"^)  converging  at  a  40°  angle  past  a  12.7  mm  high  base  plane.  The  static  pressure  ratio  of 
the  lower  to  the  upper  streams  is  P2/P  1=2.27.  The  spanwise  width  of  the  flowfield  and  the  height  of  the  upper 
stream  are  both  50.8  mm.  Surface  oil  flow  visualization  shows  that  the  center  32  mm  (63%)  of  the  flowfield  is  free 
from  sidewall  effects  and  is,  consequently,  two-dimensional  in  this  region.  The  upper  stream  is  analogous  to  the 
supersonic  freestream  surrounding  a  rocket  afterbody,  while  the  lower  stream  is  analogous  to  an  underexpanded 
exhaust  plume. 

The  primary  subject  of  this  study  is  the  behavior  of  the  boundary  layer  (5o  =  3  mm)  and  separated  free 

shear  layer  of  the  upper  stream.  This  boundary  layer  intercepts  the  separation  shock,  consequently  separates,  and 
forms  a  free  shear  layer,  as  shown  in  Figure  2.  This  shear  layer  then  reattaches  with  the  shear  layer  formed  by  the 
separation  (at  near  zero  pressure  gradient)  of  the  boundary  layer  of  the  lower  stream.  These  two  shear  layers  enclose 
a  recirculating  region  behind  the  base,  and  their  reattachment  generates  a  recompression  shock  system  and  the 
resulting  trailing  wake.  Figure  3  is  a  shadowgraph  taken  of  the  flowfield  showing  the  separation  shock,  the 
incoming  boundary  layers  of  both  streams  bordering  the  base,  the  recirculation  region  behind  the  base  plane,  and  the 
developing  free  shear  layers,  along  with  their  reattachment  and  the  accompanying  system  of  recompression  shocks. 
The  shadowgraph  shown  in  Figure  3  was  produced  using  a  25  ns  pulse  from  a  Xenon  model  437B  Nanopulser  at  a 
jet  static  pressure  ratio  of  P2/P  1=2.35  between  the  two  streams  (Shaw  1995). 
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2.3  Pressure  Data  Acquisition  System 

The  pressure  data  acquisition  system  consists  of  two  Kulite  model  XCS-062-15G  piezoresistive  differential 
pressure  transducers  flush-mounted  (in  the  spanwise  center  plane)  along  the  bottom  wall  of  the  upper  stream. 
Figure  2  shows  the  positions  of  the  two  pressure  transducers  located  at  19.05  and  16.51  mm  upstream  of  the  base 
plane.  Each  transducer  has  a  full  scale  of  103  kPa,  an  active  element  diameter  of  1.6  mm,  and  uses  the  static 
pressure  upstream  of  the  separated  region  as  a  reference  pressure.  This  reference  pressure  is  measured  through  a 
port  in  the  bottom  wall  of  the  upper  stream  located  65  mm  upstream  of  the  base  plane  (Shaw  1995). 

The  transducers  are  powered  by  two  Measurements  Group  Inc.  Model  23 1 1  signal  conditioning  amplifiers 
that  also  provide  an  adjustable  DC  offset  and  gain  to  the  output  signals.  The  output  from  each  amplifier  is  routed 
through  a  low  pass,  active  Butterworth  filter  with  a  -3  dB  cutoff  frequency  of  50  kHz.  This  cutoff  frequency  is  less 
than  any  inherent  frequency  limitations  in  the  rest  of  the  pressure  acquisition  system. 

2.4  Laser  Doppler  Velocimetry  System 

A  schematic  of  the  two-component  LDV  system,  a  TSI  model  9100-7,  used  for  the  mean  velocity  and 
turbulence  measurements,  is  shown  in  Figure  4.  The  system  utilizes  the  488  nm  and  514.5  nm  lines  of  a  5  watt 
Spectra-Physics  argon-ion  laser.  A  40  MHz  shift  is  added  to  one  beam  of  each  color  to  allow  discrimination  of 
negative  velocities  and  to  minimize  fringe  biasing.  To  further  reduce  fringe  biasing  and  fringe  blindness,  the  green 

and  blue  beam  pairs  are  oriented  at  approximately  +45°  and  -45°,  respectively,  to  the  mean  flow  direction  of  the 
upper  stream.  The  13  mm  beam  spacing  and  250  mm  focal  length  transmitting  lens  result  in  a  measurement  volume 
diameter  of  0.127  mm. 

Separate  TSI  model  9306  six-jet  atomizers  are  used  to  inject  50  centistoke,  silicone  oil  from  Dow  Coming 
into  each  stream.  The  oil  droplets  are  injected  downstream  of  all  flow-conditioning  modules  and  upstream  of  the 
nozzle  blocks  through  small  stainless  steel  tubes.  Bloomberg  (1989)  demonstrated  that  these  six-jet  atomizers 
produce  a  mean  droplet  diameter  of  0.8  microns  when  using  this  fluid.  The  scattered  light  from  the  silicone  oil 

O 

droplets  is  collected  in  forward  scatter  with  a  250  mm  focal  length  lens  at  an  off-axis  collection  angle  of  10  .  This 
results  in  an  effective  measurement  volume  length  of  1.5  mm.  A  TSI  IFA  750  digital  burst  correlator  operating  in 
coincident  mode  determines  the  Doppler  frequencies.  Jenson  (1991)  gives  a  detailed  discussion  of  the  IFA  750 
operation.  A  discussion  of  the  accuracy  of  the  LDV  measurements  is  presented  in  Appendix  A. 
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3  EXPERIMENTAL  TECHNIQUE 

In  the  current  study,  the  shock  motion  spans  a  streamwise  distance  of  4.75o  or  14  mm,  contains  frequencies 

as  large  as  10  kHz,  and  is  captured  by  sampling  each  pressure  transducer  at  20  kHz.  The  Nyquist  criterion  was  used 
to  select  the  sampling  frequency.  Since  the  boundary  layer  separation  point  oscillates  in  the  streamwise  direction 
with  the  shock  wave,  the  shear  layer  will  also  oscillate  and  cause  biasing  of  unconditionally  averaged  velocity  data. 
Consequently,  a  method  is  needed  to  minimize  the  bias  in  the  velocity  measurements  of  the  developing  shear  layer 
due  to  the  shock  wave  unsteadiness.  This  is  provided  by  the  following  procedure. 

3J  Acquisition  Timing 

At  the  beginning  of  each  tunnel  run,  a  timing  pulse  initiates  pressure  measurements  using  the  two 
transducers  that  are  flush-mounted  in  the  bottom  wall  of  the  upper  stream  (i.e,,  beneath  the  separation  shock  wave). 
The  algorithm  described  below  uses  these  wall  pressure  measurements  to  determine  the  shock  position.  This  same 
timing  pulse  also  produces  a  timing  marker  in  the  velocity  data  that  provides  a  common  time  origin  for  both  the 
pressure  and  velocity  measurements.  This  allows  the  time  histories  of  the  pressure  and  velocity  data  to  be  merged. 
While  the  pressure  is  sampled  at  regular  intervals,  the  velocity  data  are  collected  at  random  times  (i.e.,  whenever  an 
oil  droplet  produces  a  valid  Doppler  burst  on  both  velocity  channels).  The  IFA  750  Digital  Burst  Correlator,  used  to 
collect  the  velocity  data,  has  a  temporal  resolution  of  ±1  psec.  This  is  the  limiting  temporal  resolution  of  the 
combined  pressure/velocity  data  acquisition  system. 

3.2  TTMBCC  Algorithm 

The  pressure  time  history  for  each  of  the  two  channels  is  analyzed  using  the  two-threshold  method  boxcar 
conversion  (TTMBCC)  algorithm  developed  by  Prof  D,  S.  Dolling  and  co-workers  at  the  University  of  Texas- 
Austin  (Dolling  and  Brusniak  1989).  The  TTMBCC  algorithm  isolates  the  pressure  fluctuations  due  to  the  shock 
motion  from  those  present  in  the  incoming  turbulent  boundary  layer  and  in  the  separated  region  behind  the  shock. 
This  results  in  a  boxcar  time  history  (i.e.,  a  binary  representation  of  upstream  and  downstream  shock  positions)  for 
each  channel  (see  Figure  5).  The  TTMBCC  algorithm  has  been  used  extensively  in  studies  of  shock  motion  in 
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unswept  compression  comer  flows  (Bmsniak  1988;  Dolling  and  Bmsniak  1989;  Erengil  and  Dolling  1990;  Erengil 
and  Dolling  1991). 

Each  channel’s  boxcar  history  is  described  by  the  time  at  which  each  rise  or  fall  in  pressure  associated  with 
a  shock  crossing  occurs.  The  boxcar  history  is  formed  by  first  setting  thresholds  of  3<t  and  6a  above  the  mean 
pressure  in  the  incoming  boundary  layer  (where  a  is  the  standard  deviation  of  the  pressure  fluctuations  in  the 
incoming  boundary  layer).  Shaw  (1995)  describes  in  detail  the  criteria  for  picking  the  two  thresholds  used  in  this 
study.  For  a  rise  event  to  register  (i.e.,  the  shock  moves  upstream  of  the  transducer),  the  pressure  must  initially  be 
less  than  the  lower  threshold  and  must  rise  past  the  upper  threshold.  For  a  fall  event  to  register  (i.e.,  the  shock 
moves  downstream  of  the  transducer),  the  pressure  must  initially  be  greater  than  the  upper  threshold  and  must  fall 
past  the  lower  threshold.  The  TTMBCC  algorithm  prevents  the  mistake  of  interpreting  oscillations  about  the  lower 
threshold  prior  to  a  rise  event  and  oscillations  about  the  upper  threshold  prior  to  a  fall  event  as  shock  motions.  The 
occurrence  time  of  either  a  rise  or  fall  event  is  defined  as  the  time  when  the  first  pressure  sample  is  taken  after  the 
upper  threshold  is  crossed.  Since  only  the  upper  threshold  is  used  to  determine  the  occurrence  time  of  a  shock 
motion,  the  position  of  the  shock  wave  relative  to  the  pressure  transducer  will  be  the  same  for  both  upstream  and 
downstream  shock  crossings. 

3.3  Conditional  Analysis 

A  second  algorithm  is  used  to  determine  the  position  of  the  shock  wave  corresponding  to  each  velocity 
realization.  Figure  5  illustrates  this  process.  The  shock  wave  positions  are  defined  using  the  numbers  1,  2,  or  3, 
depending  on  whether  the  shock  wave  is  upstream,  between,  or  downstream  of  the  two  transducers,  respectively. 
Additional  categories  are  defined  for  various  shock  position  transitions  and  error  cases,  which  represent  less  than  1% 
of  the  acquired  data.  This  small  percentage  of  transitional  cases  indicates  that  the  shock  motion  is  accurately 
captured  using  this  method. 

Each  velocity  realization  is  matched  to  the  corresponding  point  in  the  boxcar  history  of  the  pressure  data, 
and  the  shock  wave  position  for  that  realization  is  determined.  Then  the  velocity  measurement  is  saved  with  the 
corresponding  shock  wave  position.  Finally,  for  the  constant  shock  position  results,  conditional  averages  are  formed 
from  the  velocity  realizations  corresponding  to  shock  wave  position  2  (between  the  two  transducers),  thereby 
effectively  “freezing”  the  shock  position  at  this  location.  This  conditional  average  retains  only  approximately  25% 
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of  the  velocity  data  and  therefore  necessitates  collecting  large  data  sets  to  obtain  adequate  statistical  certainty  from 
the  ensemble  averages. 

The  algorithm  used  for  the  current  study  has  two  advantages  over  that  used  by  Kussoy  et  al.  (1988).  First, 
by  using  two  transducers  instead  of  only  one,  it  is  possible  to  form  velocity  data  ensembles  with  the  shock  wave  in  a 
single  position,  region  2,  instead  of  for  only  a  range  of  positions,  i.e.,  shock  forward  or  shock  back.  Second,  this 
technique  uses  only  pressure  measurements  and  consequently  eliminates  the  subjective  process  of  inspecting 
shadowgraph  movies  for  the  mean  shock  positions. 

Since  the  transducers  are  placed  at  19.0  and  16.5  mm  upstream  of  the  base  plane,  the  mean  shock  foot 
position  (i.e.,  the  boundary  layer  separation  point)  for  the  region  2  data  set  is  17.75  mm  upstream  of  the  base  plane. 
Increases  in  the  jet-to-freestream  static  pressure  ratio  (JSPR)  between  the  two  streams  shift  the  region  of  shock 
oscillation  upstream,  away  from  the  base  comer.  As  this  shift  occurs,  the  intermittency  (i.e.,  the  proportion  of  time 
spent  by  the  shock  upstream  of  a  given  transducer)  increases  for  both  transducers.  However,  the  time  spent  by  the 
shock  between  the  two  transducers  (in  region  2)  at  first  increases,  peaks  at  near  25%,  and  then  decreases.  The  JSPR 
of  2.27  for  this  study  was  selected  to  maximize  at  approximately  25%  (the  difference  in  the  two  transducer 
interm ittencies)  the  time  spent  by  the  shock  in  region  2  (between  the  transducers)  and,  thereby,  to  maximize  the 
amount  of  data  obtained  from  the  conditional  analysis. 

4  RESULTS 

This  section  presents  data  obtained  using  the  technique  described  above.  A  complete  mapping  of  the 
plume-induced  separated  flowfield  has  recently  been  completed  and  will  be,  along  with  a  detailed  discussion  of  the 
flowfield  features  and  trends,  the  subject  of  a  future  paper  (Palko  and  Dutton  1998).  Therefore,  this  discussion  will 
concentrate  on  the  effects  of  changes  in  the  shock  position  and  in  the  direction  of  shock  motion  on  the  velocity 
statistics.  This  section  presents  conditionally  and  unconditionally  averaged  data  at  four  streamwise  stations.  The 
four  stations  A,  B,  C,  and  D  are  located  at  x=-25,  0,  +15,  and  +30  mm  from  the  base  plane,  respectively  (see  Figure 
2).  These  positions  lie  in  the  approach  boundary  layer  upstream  of  the  mean  separation  shock  position,  at  the  base 
plane,  just  before  reattachment,  and  in  the  developing  wake,  respectively.  Station  A  lies  at  the  limit  of  optical  access 
in  the  upstream  direction. 
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All  traverses  are  limited  to  25  mm  above  the  bottom  wall  (i.e.,  the  bottom  half  of  the  upper  stream);  all 
flowfield  features  of  interest  are  contained  within  this  region.  The  laser  beams  become  clipped  at  positions  closer 
than  1  mm  from  the  wall;  therefore,  each  traverse  begins  at  y=l  mm.  Due  to  their  inertia,  LDV  seed  particles  can 
produce  curved  pathlines  behind  an  oblique  shock  wave  instead  of  following  the  fluid  streamlines  that  bend 
discontinuously  at  the  shock  front.  This  difference  in  the  particle  and  fluid  responses  to  shocks  can  introduce 
particle  dynamics  errors.  The  effects  of  particle  dynamics  in  the  current  flowfield  are  negligibly  small  outside  the 
region  immediately  downstream  of  the  shock  wave  (1,4  mm  normal  to  the  shock  or  2.8  mm  in  the  streamwise 
direction[Palko,  1997  #83].  While  stations  B  and  C  cross  the  separation  shock  wave,  the  shear  layer  at  both  of  these 
locations  lies  below  the  region  of  significant  particle  lag.  An  additional  advantage  of  the  conditional  analysis 
method  employed  here  is  the  ability  to  locate  the  region  of  significant  particle  dynamics  effects. 

4. 1  Effects  of  Shock  Position 

The  primary  motivation  for  the  conditional  averaging  technique  described  earlier  is  to  precisely  locate  the 
separation  shock  wave  between  the  two  flush-mounted  pressure  transducers  at  the  instant  in  time  at  which  a  velocity 
measurement  is  made.  This  allows  the  effects  of  changes  in  shock  position  on  the  velocity  field  to  be  distinguished 
from  the  inherent  turbulence  in  the  velocity  field.  The  effects  of  shock  position  on  the  flowfield  may  be  discerned 
by  comparing  LDV  data  acquired  when  the  shock  is  between  the  two  transducers  (in  region  2)  to  LDV  data  acquired 
without  accounting  for  shock  position.  Region  2  was  chosen  because  it  is  the  smallest  region  (only  2.5  mm  in 
streamwise  extent)  in  which  the  shock  could  be  located. 

To  equalize  the  random  error  in  the  velocity  measurements,  which  depends  on  the  ensemble  size  (see 
Appendix  A),  both  the  unconditional  (total  data)  and  conditional  (region  2)  averages  use  an  ensemble  size  of  4096 
realizations.  The  systematic  error  or  bias  error  in  the  LDV  data  is  identical  for  the  two  sets.  Any  differences 
between  the  two  sets  are,  therefore,  due  only  to  the  shock  motion  or  to  random  errors  in  the  LDV  data. 

Figure  6  shows  the  dimensionless  mean  streamwise  velocity  (nondimensionalized  by  the  freestream 
velocity,  Uoo=590  m/s)  for  each  station.  Several  features  of  Figure  6  should  be  noted.  First,  the  "all  data"  and 
"region  2"  profiles  are  very  similar  at  all  four  stations.  This  shows  that  the  mean  velocity  is  unaffected  by  changes 
in  the  shock  position.  In  addition,  the  inclination  of  the  shear  layer  is  apparent,  since  the  noticeable  trough  in  the 
velocity  profiles  (which  is  in  the  recirculation  region)  occurs  at  increasing  heights  above  the  base  for  each 
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successive  station.  The  smoothness  of  the  profiles  also  indicates  that  the  random  LDV  errors  are  small.  Finally,  the 
slight  variation  (less  than  2%)  in  the  ffeestream  mean  velocity  profile  at  station  A  may  be  due  to  a  slight  wake  from 
the  seed  injection  tube  which  is  upstream  of  the  converging-diverging  nozzle  that  produces  the  supersonic 
ffeestream  flow. 

Figure  7  presents  the  dimensionless  streamwise  turbulent  normal  stress  profiles  for  each  station.  In  this 
study,  the  streamwise  and  transverse  normal  stresses  are  measured  with  respect  to  directions  parallel  and 
perpendicular,  respectively,  to  the  x  axis  shown  in  Figure  2,  regardless  of  the  local  mean  flow  direction.  As  with  the 
mean  velocity  data,  the  streamwise  normal  stress  profiles  for  the  unconditional  and  conditional  data  sets  are  nearly 
identical  at  stations  B,  C,  and  D.  There  are  slight  differences  between  the  peak  values  of  the  “all  data”  and  “region 
2”  profiles  at  these  downstream  stations,  but  these  differences  are  not  substantially  larger  than  the  measurement 
uncertainties  at  these  locations.  However,  some  significant  differences  are  apparent  near  the  wall  at  station  A.  in 
particular,  the  "region  2"  profile  appears  to  be  much  smoother  than  that  of  the  "all  data"  profile.  This  difference 
between  data  sets  seems  to  indicate  that  shock  motion  does  increase  the  apparent  normal  stress  inside  the  boundary 
layer.  Although  taken  as  far  upstream  as  optical  access  allowed.  Station  A  lies  just  within  the  region  of  oscillation 
of  the  separation  shock  wave.  Consequently,  the  shock  wave  makes  infrequent  excursions  upstream  of  station  A. 
These  excursions,  however,  occur  during  only  a  small  fraction  of  the  time  during  data  collection.  The  result  is 
increased  random  error  in  the  resulting  turbulence  quantities  in  this  region.  This  increased  random  error  is  at  least 
partly  due  to  particle  dynamics  effects  at  station  A,  which  vary  in  strength  due  to  the  intermittent  shock  motion  at 
station  A. 

The  streamwise  stress  profiles  obtained  downstream  of  separation  (B,  C,  D)  show  much  less  deviation 
between  the  "all  data"  and  "region  2"  data  sets.  This  is  expected  since  the  effects  of  shock  wave  unsteadiness  should 
be  greatly  diminished  at  these  more  downstream  locations.  Comparing  station  A  with  stations  B  and  C  shows  that 
the  shock-induced  separation  process  greatly  increases  the  streamwise  normal  stress.  Comparing  stations  C  and  D 
shows  the  dramatic  decrease  in  the  peak  streamwise  normal  stress  through  reattachment.  As  with  the  mean  velocity 
profiles,  the  inclination  of  the  shear  layer  above  the  wall  is  apparent  since  the  dominant  peak  in  the  streamwise 
normal  stress  profiles  occurs  at  increasing  heights  above  the  wall  for  each  successive  station. 

The  dimensionless  transverse  normal  stress  profiles  for  each  station  are  presented  in  Figure  8.  As  in 
Figure  7  for  the  streamwise  component,  the  "all  data"  and  "region  2"  data  sets  show  close  agreement  at  all  stations 
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except  within  the  boundary  layer  at  station  A.  At  station  A,  the  transverse  normal  stress  profile  shows  the  same 
characteristics  as  that  of  the  streamwise  normal  stress  in  that  the  "region  2”  profile  is  notably  smoother  than  the  "all 
data"  profile.  Similar  to  Figure  7  for  the  streamwise  normal  stress,  the  dimensionless  transverse  normal  stress  is 
greatly  increased  by  the  shock-induced  separation.  The  asymmetry  of  the  main  peak  in  the  transverse  normal  stress 
at  station  C  is  due  to  the  effects  of  the  lower  shear  layer.  Since  this  lower  shear  layer  is  inclined  at  40°  with  respect 
to  the  x-axis,  the  turbulence  in  the  lower  shear  layer  has  a  large  transverse  component.  The  small  secondary  peaks 
in  the  transverse  normal  stress  at  stations  B  and  C  coincide  with  the  location  of  the  separation  shock.  This  slight 
increase  in  turbulence  is  due  to  either  small-scale  shock  unsteadiness  that  is  below  the  resolution  limit  of  the 
conditional  averaging  technique  or  to  particle  lag.  As  mentioned  earlier,  by  using  conditional  analysis  to  locate  the 
shock  wave,  the  region  of  significant  particle  lag  can  be  located  with  certainty. 

Comparing  Figures  7  and  8,  it  is  apparent  that  the  ffeestream  turbulence  is  isotropic  while  the  boundary 
layer  and  free  shear  layer  turbulence  is  anisotropic.  The  peak  normal  stress  anisotropy  ratio,  >/<  >,  in  the 

shear  layer  at  stations  B,  C,  and  D  is  approximately  13,  9.5,  and  5.6,  respectively.  The  peak  normal  stress 
anisotropy  in  the  approaching  boundary  layer  at  station  A  is  difficult  to  estimate  with  certainty  since  the  transverse 
normal  stress  may  only  be  measured  at  positions  above  y=l  mm.  However,  over  the  outer  portion  of  the  boundary 
layer  that  has  been  probed,  the  anisotropy  increases  and  levels  off  at  approximately  3  as  the  wall  is  approached. 
This  gives  evidence  of  the  much  stronger  amplification  of  the  streamwise  normal  stress  by  the  shock  interaction  than 
the  amplification  of  the  transverse  normal  stress.  As  the  shear  layer  moves  downstream  from  separation,  there  is  a 
strong  reorganization  of  the  turbulence  and  a  shift  in  the  distribution  of  the  turbulent  kinetic  energy  from  the 
streamwise  to  the  transverse  normal  stress  components.  This  occurs  both  during  shear  layer  development  and 
through  reattachment. 

The  Reynolds  shear  stress  profiles  for  each  station  are  shown  in  Figure  9  where,  following  convention,  the 
negative  of  the  shear  stress,  -<  w  V'  is  plotted.  As  in  Figures  6-8,  the  profiles  for  the  "all  data"  and  "region  2" 
data  sets  agree  closely  at  each  station  with  the  noticeable  exception  of  the  boundary  layer  at  station  A.  At  station  A, 
the  "region  2"  profile  is  again  much  smoother  than  the  "all  data"  profile.  As  expected,  the  Reynolds  shear  stress 
inside  the  boundary  layer  is  negative.  Also  interesting  is  the  near  zero  value  of  the  Reynolds  shear  stress  in  the 
freestream  at  all  four  stations,  as  is  expected.  The  outermost  positive  peak  in  the  shear  stress  profiles  at  stations  B 
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and  C  coincides  with  the  location  of  the  separation  shock.  Like  the  secondary  peaks  in  the  transverse  normal  stress, 
this  is  an  artifact  of  either  small-scale  shock  motion  or  particle  lag. 

Figure  10  shows  the  nondimensional  turbulent  kinetic  energy  profiles.  Previous  LDV  measurements  in 
related  flows  (Herrin  and  Dutton  1 995)  show  that  the  spanwise  turbulence  intensities  are  approximately  equal  to  the 
transverse  turbulence  intensities  in  compressible  shear  layers.  Therefore,  the  turbulent  kinetic  energy  in  this  study  is 
approximated  as 

TKE  = -iu'- ^  2v'-)  (I) 

where  the  spanwise  normal  stress  is  approximated  as  equal  to  the  transverse  normal  stress.  This  definition  is  slightly 
different  than  that  used  by  some  previous  researchers  such  as  Kuntz,  (1985)  where  the  spanwise  normal  stress  is 
approximated  as  the  arithmetic  average  of  the  streamwise  and  transverse  normal  stresses.  This  average  definition 
has  the  effect  of  overestimating  both  the  spanwise  turbulence  and,  consequently,  the  turbulent  kinetic  energy. 

The  most  obvious  feature  of  the  turbulent  kinetic  energy  profiles  in  Figure  10  is  their  close  similarity  to  the 
streamwise  normal  stress  profiles  (see  Figure  7).  The  streamwise  normal  stress  is  much  larger  than  the  transverse 
normal  stress  over  most  of  the  flowfield  and  so  dominates  the  turbulent  kinetic  energy.  Like  the  streamwise  and 
transverse  normal  stresses,  the  turbulent  kinetic  energy  profiles  show  very  little  variation  with  changes  in  shock 
position,  except  in  the  approaching  boundary  layer. 

It  is  not  surprising  that  Kussoy  et  al.'s  (1988)  turbulent  kinetic  energy  data  showed  a  greater  variation  based 
on  shock  position  than  the  data  presented  here.  As  described  previously,  Kussoy  et  al.'s  algorithm  formed  data  sets 
only  for  shock  positions  ahead  of  or  behind  a  given  transducer.  This  results  in  forward-  and  rearward-biased  data 
sets,  and  a  total  data  set  of  unknown  bias.  In  the  current  study,  which  uses  an  algorithm  utilizing  two  transducers, 
the  data  may  be  formed  into  a  single  data  set  of  minimal  bias  (region  2  data).  Based  on  the  results  of  this  study,  it  is 
apparent  that  a  conditional  analysis  technique  such  as  Kussoy’ s  can  overstate  the  effect  of  shock  wave  unsteadiness 
on  the  measured  turbulence  quantities. 

4.2  Effects  of  Shock  Motion  Direction 

The  conditional  averaging  algorithm  described  earlier  may  be  modified  to  isolate  the  effects  of  the 
direction  of  the  shock  motion  rather  than  the  effects  of  the  shock  position  on  the  velocity  field.  As  mentioned 
earlier.  LDV  data  are  acquired  at  random  times  (whenever  a  seed  particle  passes  through  the  measurement  volume), 
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while  the  pressure  data  (used  to  determine  the  shock  position)  are  acquired  at  regular  intervals.  Therefore,  each 
LDV  point  occurs  within  a  time  interval  bounded  by  pressure  samples.  If  the  shock  position  at  the  beginning  and 
the  end  of  an  interval  containing  an  LDV  data  point  are  the  same,  the  shock  position  is  known  for  that  LDV  data 
point,  and  the  corresponding  shock  region  is  assigned.  However,  if  the  shock  position  at  the  beginning  and  end  of 
an  interval  containing  an  LDV  data  point  are  not  the  same,  the  shock  wave  must  have  transitioned  between  the  two 
regions  during  the  time  interval  in  question.  Inspection  of  typical  data  ensembles  for  this  flow  shows  that  these 
shock  transitions  occur  in  less  than  1%  of  the  sample  intervals.  The  exact  shock  position  is  not  known  for  LDV  data 
points  occurring  during  these  transition  intervals  and  so,  instead,  a  classification  number  corresponding  to  the 
particular  type  of  shock  transition  is  assigned  to  each  such  LDV  data  point. 

There  are  three  such  transition  cases  in  each  of  the  upstream  and  downstream  directions.  In  the 
downstream  direction,  these  correspond  to  transitions  from  upstream  of  both  to  between  the  two  transducers 
(transition  from  region  1  to  region  2),  from  between  the  two  transducers  to  downstream  of  both  (transition  from 
region  2  to  region  3),  or  from  upstream  of  both  to  downstream  of  both  transducers  (transition  from  region  1  to 
region  3).  Similar  cases  occur  for  the  upstream  direction. 

For  this  study  of  the  effects  of  the  direction  of  shock  motion,  only  transitions  beginning  or  ending  in  region 
2  (between  the  transducers)  are  considered.  The  transitions  across  both  transducers  are  excluded  due  to  their 
increased  shock  position  uncertainty  at  both  endpoints  of  the  motion.  Due  to  the  low  LDV  data  rates  and  the  short 
tunnel  run  times  possible,  only  196,608  (i.e.,  192k)  velocity  realizations  could  be  acquired  during  each  tunnel  run. 
Despite  acquiring  data  at  only  a  single  spatial  location  during  a  given  tunnel  run,  the  small  number  of  transition 
cases  (less  than  1%  of  all  acquired  data)  limited  the  directionally  conditional  ensemble  size  to  1100  velocity 
realizations  for  each  direction.  This  is  considerably  smaller  than  the  4096  (i.e.,  4k)  realization  ensembles  used  in  all 
other  data  presented  in  this  study,  which  substantially  increases  the  random  error  in  the  resulting  mean  velocity  and 
turbulent  stresses  (see  Appendix  A). 

Because  of  the  large  number  of  velocity  realizations  required  for  statistically  significant  ensembles, 
direction  conditional  ensembles  were  obtained  only  within  the  shear  layer  at  station  B,  the  base  plane  (see  Figure  2). 
This  position  was  selected  because  of  its  proximity  to  the  separation  point  and  the  presence  of  the  recirculation  zone. 
The  traverse  was  limited  to  below  y=8.5  mm,  so  as  to  lie  beneath  the  region  of  particle  lag  lying  dovmstream  of  the 
separation  shock  wave.  To  equalize  the  random  error,  which  depends  on  the  ensemble  size,  all  of  the  conditional 
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(upstream,  downstream,  and  region  2)  averages  for  the  data  presented  in  this  portion  of  the  study  use  an  ensemble 
size  of  1 100  realizations.  The  systematic  error  or  bias  error  in  the  LDV  data  is  identical  for  the  three  sets.  Any 
differences  between  the  three  sets  are,  therefore,  due  only  to  changes  in  the  direction  of  the  shock  motion  or  to 
random  errors  in  the  LDV  data. 

The  profiles  in  Figure  1 1  for  the  streamwise  mean  velocity  and  turbulent  stresses  show  the  effects  of 
changes  in  the  direction  of  shock  motion.  As  can  be  seen  from  Figure  1 1,  no  significant  effect  of  the  direction  of 
shock  motion  can  be  distinguished  from  the  direction-independent  but  position-conditioned  (region  2)  data  for  the 
mean  streamwise  velocity.  As  just  discussed,  the  increased  experimental  scatter  in  these  profiles  is  due  to  the 
reduced  ensemble  size  compared  to  that  in  Figures  6-10.  Interestingly,  even  with  equal  ensemble  sizes,  the 
downstream  data  set,  rather  than  the  region  2  data  set,  displays  the  most  experimental  scatter  of  the  three  conditional 
averages.  This  provides  some  evidence  that  the  direction  of  the  shock  motion  may  have  a  more  important  effect  on 
the  velocity  statistics  than  the  position  of  the  shock.  The  upstream  and  region  2  profiles  in  Figure  1 1  agree  fairly 
closely  for  the  mean  streamwise  velocity  and  transverse  normal  stress.  However,  for  the  streamwise  normal  stress 
the  upstream  data  set  exhibits  less  scatter  than  the  region  2  profile.  Also  interesting  is  the  agreement  in  the  peak 
magnitude  of  the  streamwise  normal  stress  for  the  downstream  and  region  2  data  sets.  Comparing  this  peak  value 
with  that  found  in  Figure  7  for  the  same  location,  but  with  a  larger  ensemble  size  (i.e.,  smaller  random  error),  the 
values  are  found  to  agree.  The  peak  streamwise  normal  stress  for  the  upstream  data  profile,  however,  displays  a 
smaller  peak.  This  difference  is  well  outside  the  9%  error  bars  at  this  location. 

Examining  the  transverse  normal  stress  and  Reynolds  shear  stress  profiles  in  Figure  1 1  reveals  two  other 
statistically  significant  trends.  First,  the  transverse  normal  stress  profile  for  the  downstream  data  set  deviates 
significantly  from  the  upstream  and  region  2  profiles  over  the  region  2  mm<y<5  mm.  This  deviation  is  also  larger 
than  the  measurement  uncertainties  at  these  locations.  Most  noticeable  in  the  downstream  transverse  normal  stress 
profile  is  the  presence  of  a  distinct  and  large  trough  and  peak  in  this  region.  The  midpoint  between  these  two 
features  also  coincides  with  the  location  of  the  peak  streamwise  normal  stress  (i.e.,  the  center  of  the  shear  layer). 
The  last  noteworthy  feature  of  Figure  1 1  is  the  greatly  increased  peak  positive  shear  stress  value  displayed  (note  by 
convention  that  the  negative  of  the  shear  stress  has  been  plotted)  by  the  downstream  data  profile.  This  peak  value  of 
approximately  —0.0095  is  almost  twice  the  value  of  the  approximately  —0.005  peak  exhibited  by  both  the  upstream 
and  region  2  data  profiles.  Interestingly,  comparing  the  region  2  shear  stress  profile  in  Figure  1 1  to  those  found  in 
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Figure  9  at  the  same  streamwise  location  reveals  that  the  use  of  a  larger  ensemble  size  for  the  region  2  data  does  not 
change  the  peak  value  from  that  present  in  the  upstream  and  region  2  profiles  of  Figure  11.  The  positive  shear  stress 
peak  in  Figure  9  does,  however,  occur  closer  to  the  wall  than  the  positive  shear  stress  peak  of  the  downstream 
profile  in  Figure  1 1 . 


5  SUMMARY  AND  CONCLUSIONS 

The  technique  described  for  separating  shock  motion  from  turbulence  in  LDV  measurements  has  been 
successfully  demonstrated.  Data  have  been  presented  for  streamwise  locations  upstream  of  mean  separation,  in  the 
separated  shear  layer,  and  through  the  reattachment  region.  The  shock  motion  has  been  shown  to  have  a  significant 
effect  on  the  measured  turbulence  within  the  boundary  layer  upstream  of  the  mean  separation  location,  and  a  much 
smaller  effect  through  the  separated  shear  layer  and  reattachment  regions.  This  study  has  shown  that  freezing  the 
shock  wave  at  a  single  position  does  not  have  a  significant  effect  on  measured  mean  velocities  or  turbulence 
quantities  downstream  of  separation,  as  compared  to  the  unconditionally  analyzed  data  set. 

This  study  indicates,  however,  that  changes  in  the  direction  of  shock  wave  motion  do  significantly  alter  the 
measured  levels  of  downstream  turbulence,  although  the  mean  velocity  is  still  unaltered.  Specifically,  upstream 
shock  motion  decreases  the  apparent  peak  streamwise  normal  stress,  but  does  not  change  the  peak  transverse  normal 
stress  or  the  Reynolds  shear  stress.  Downstream  shock  motion  increases  the  peak  positive  shear  stress  and  shifts  the 
location  of  this  peak  further  from  the  wall.  Motion  in  this  direction  also  does  not  appreciably  change  the  streamwise 
normal  stress.  Downstream  motion  decreases  the  transverse  normal  stress  over  a  portion  of  the  top  of  the  shear 
layer,  while  increasing  the  transverse  normal  stress  over  a  portion  of  the  bottom  of  the  shear  layer.  Taken  together 
this  indicates  that  there  may  be  changes  in  the  underlying  turbulent  structures  inside  the  shear  layer  that  correspond 
to  changes  in  the  direction  of  the  shock  motion.  For  example,  the  separation  shock  may  rotate  about  its  foot  as  it 
translates  in  the  streamwise  direction.  This  rotation  would  correspond  to  a  varying  shock  strength  and  a  varying 
adverse  pressure  gradient  being  imposed  on  the  shear  layer.  This  variation  could  alter  the  turbulent  structures  inside 
the  shear  layer,  and  therefore,  alter  the  velocity  statistics.  Another  possible  mechanism  would  be  a  spanwise 
“wrinkling”  of  the  shock  front  that  is  dependent  on  shock  motion  direction. 

In  general,  upstream  shock  motion  seems  to  decrease  the  turbulent  kinetic  energy  (which  is  dominated  by 
the  streamwise  normal  stress),  but  does  not  alter  the  turbulence  structure  (i.e.,  the  number  and  location  of  peaks  in 
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the  turbulence  profiles  are  unchanged).  Conversely,  downstream  shock  motion  does  not  significantly  affect  the 
overall  turbulence  energy  level,  but  does  affect  the  turbulence  structure.  Specifically,  downstream  shock  motion 
affects  the  upper  and  lower  portions  of  the  shear  layer  differently  (see  the  transverse  normal  stress  profiles  in 
Figure  1 1 ).  Additional  turbulence  measurements  in  this  flowfield,  which  are  the  subject  of  another  paper  (Palko  and 
Dutton  1 998),  have  also  indicated  two  distinct  layers  in  this  shock-separated  shear  layer. 

While  future  analysis  of  LDV  data  will  attempt  to  elucidate  the  nature  of  the  changes  in  turbulent  structure 
due  to  changes  in  shock  direction,  ideally  flow  visualizations  could  be  used  to  answer  these  questions.  Recently, 
some  flow  visualization  has  begun  in  planar  compression  comer  shock  wave-boundary  layer  interactions  (Chan  et 
al.  1995;  Beresh  et  al.  1997).  This  work  has  concentrated  on  uncovering  a  cause  for  the  low-frequency  shock  wave 
unsteadiness.  Specifically,  no  strong  correlation  was  found  between  the  low-frequency  shock  motion  and  changes  in 
the  thickness  of  the  incoming  boundary  layer.  Additional  high  resolution  planar  visualization  studies  are  needed, 
however,  to  allow  characterization  of  the  dependence  of  turbulent  stmcture  on  shock  motion  direction. 


APPENDIX  A 
Experimental  Uncertainty 

A  detailed  error  analysis  has  been  performed  [Palko,  1997  #83]  for  this  experiment.  The  relative 
systematic  or  bias  error  in  the  mean  velocity  and  normal  stresses  for  both  the  streamwise  and  transverse  velocity 
components  was  estimated  to  be  no  larger  than  2%  and  is  primarily  due  to  uncertainty  in  the  measurement  of  the 
LDV  fringe  spacing.  Due  to  the  careful  choice  of  seeding  levels,  seed  material,  and  beam  angles,  and  from  the  use 
of  both  frequency  shifting  and  interarrival  time  velocity  debiasing  (Herrin  and  Dutton  1993),  the  effects  of  fringe 
bias,  velocity  gradient  bias,  velocity  bias,  particle  concentration  bias,  and  particle  lag  were  estimated  to  be 
negligibly  small  [Palko,  1997  #83].  As  noted  previously,  particle  lag  is  estimated  to  be  significant  only  in  the  region 
immediately  downstream  of  the  shock  wave,  which  is  outside  the  region  of  interest. 

The  overall  random  or  precision  errors  in  both  the  mean  and  variance  of  the  velocities  are  given  by  95% 
confidence  intervals  (assuming  a  normal  distribution  of  velocities).  The  limits  of  these  confidence  intervals  depend 
both  on  the  ensemble  size  and  on  the  standard  deviation  of  the  velocity  distribution,  i.e.,  the  rms  velocity  fluctuation 
(Bendat  and  Piersol  1986).  Equations  2-5  below  give  the  random  error  in  the  mean  and  variance  estimates  at  95% 
confidence,  where  M,  p,  s,  o,  and  N  are  the  estimate  of  the  mean  velocity,  the  actual  mean  velocity,  the  estimate  of 
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the  rms  velocity,  the  actual  rms  velocity,  and  the  ensemble  size,  respectively.  Please  note  that  these  equations  apply 
to  both  the  streamwise  and  transverse  velocities. 


Specifically,  for  N=4096: 

M  -  0.03 15<//<  A/ +  0.0315  (2) 

0.9575' <<t' <1.0465-  (3) 

and  for  N=1 100: 

M  —  O.O6O5  <  fi<M  +  0.060s  (4) 

O.92O5' <<t' <1.0915'  (5) 


The  random  error  in  the  estimate  of  the  mean  at  any  given  point  in  the  flow  is  directly  proportional  to  the  rms 
velocity  at  that  point.  However,  the  random  error  in  the  estimate  of  the  variance  of  the  velocity  is  independent  of  the 
mean  velocity.  For  a  fixed  sample  size,  the  random  error  in  the  velocity  variance  estimate  is  simply  a  fixed 
percentage  of  the  velocity  variance  at  each  point. 

The  maximum  measured  streamwise  rms  velocity,  or  the  square  root  of  the  streamwise  normal  stress,  in  the 
present  study  is  0.32Uoo  or  189  m/s  and  occurs  just  upstream  of  reattachment.  This  maximum  rms  velocity  yields  a 
random  error  in  the  streamwise  mean  velocity  of  5.9  m/s  or  O.OlUoo  for  the  data  with  ensemble  sizes  of  4096  points 
(i.e..  Figures  6-10).  The  maximum  measured  transverse  rms  velocity,  or  the  square  root  of  the  transverse  normal 
stress,  in  the  present  study  is  0.1 2U„  or  71  m/s  and  occurs  just  upstream  of  reattachment.  This  maximum  rms 
velocity  yields  a  random  error  in  the  streamwise  mean  velocity  of  2.25  m/s  or  0.003 8U«,  for  data  in  Figures  6-10. 
The  maximum  random  error  in  the  two  normal  stresses  is  4.6%  for  data  in  Figures  6-10. 

Almost  all  of  the  data  presented  in  this  study  use  an  ensemble  size  of  4096  points.  However,  for  the  shock 
transition  conditional  averages,  the  ensemble  size  was  limited  to  1100  points.  For  these  transition  conditional 
averages,  the  maximum  rms  velocities  are  0.28U«,  or  165  m/s  and  O.llUoo  or  65  m/s  for  the  streamwise  and 
transverse  directions,  respectively.  The  resulting  maximum  random  errors  in  the  mean  velocity  estimates  are 
9.9  m/s  (O.OlTUao)  and  3.8  m/s  (0.0064Uoo)  for  the  streamwise  and  transverse  directions,  respectively.  The 
maximum  random  error  in  the  two  normal  stresses  for  the  shock  transition  data  sets  is  9. 1%. 
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Figure  3  Flowfield  shadowgraph  (Shaw  1995) 


Figure  4  Laser  Doppler  velocimetry  (LDV)  system 
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n  c: 


Station  A  (x  -  -25  mm)  Station  B  (x  =  0  mm) 


Figure  6  Dimensionless  mean  streamwise  velocity,  l)/li 


Dimensionless  mean  streamwise  velocity  Dimensionless  streamwise  normal  stress 


(umi)A 


(unu) A 


(umi)  A 


(uiui)  A 


Figure  1 1  Shock  direction  results  at  station  B  (x  =  0  mm) 
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ABSTRACT 

Two-component  laser  Doppler  velocimetry  (LDV)  measurements  were  made  in  a  planar, 
shock-separated  free  shear  layer  formed  by  the  convergence  of  two  supersonic  streams  past  a 
thick  plate.  High-speed  wall  pressure  measurements  locate  the  unsteady  shock  wave  formed  by 
this  interaction  and,  consequently,  allow  separation  of  the  effects  of  shock  motion  from  the 
turbulence  fluctuations  in  the  velocity  measurements  of  the  shear  layer.  Shock-induced 
separation  dramatically  increases  the  normal  stresses  and  shear  stress.  The  shock-separated 
shear  layer  displays  a  positive  shear  stress  region  between  separation  and  reattachment. 
Reattachment  produces  a  shift  in  turbulent  kinetic  energy  from  the  streamwise  component  to  the 
transverse  component.  The  region  of  shock  motion  has  a  relatively  constant  width  irrespective 
of  distance  from  the  wall. 
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INTRODUCTION 


While  shock-induced  boundary  layer  separation  caused  by  a  second  fluid  stream  has  been 
investigated  over  the  last  40  years,  there  are  no  known  turbulence  measurements  in  such 
a  flow.  However,  shock-induced  shear  layer  formation  in  front  of  solid  objects  has  been 

investigated.  Among  these  geometries,  unswept  compression  comer  flows  provide  the 
closest  analogy  to  the  current  study. 

To  date  only  four  studies  of  turbulence  in  unswept  compression  comers  have  been 

performed:  Ardonceau;'^  Kuntz;^  Smits  and  Muck;^  and  Selig  et  al.^  All  of  the  studies,  except 
for  that  of  Selig  et  al.,  considered  a  series  of  comer  angles  resulting  in  both  unseparated  and 
separated  flows.  Unlike  the  other  studies,  Selig  et  al.  investigated  a  flowfield  with  active  forcing 
(by  mass  addition).  All  of  Kuntz's  data  and  some  of  Ardonceau’s  were  obtained  using  two- 
component  LDV.  The  remaining  studies,  including  a  portion  of  Ardonceau's,  used  constant 
temperature  hot-wire  anemometry.  The  Mach  numbers  for  the  studies  by  Ardonceau,  Kimtz, 
Smits  and  Muck,  and  Selig  et  al.  were  2.25,  2.94,  2.90,  and  2.84,  respectively.  All  of  these 
studies  noted  large  increases  in  turbulence  through  the  shock  interaction  and  unsteady  shock 
motion.  However,  none  of  these  studies  used  any  conditional  analysis  to  separate  velocity 

fluctuations  due  to  the  motion  of  the  shock  from  those  due  to  turbulence.  Palko  and  Dutton^ 
have  demonstrated  a  technique  for  separating  the  fluctuation  contributions  from  these  two 
sources;  this  method  is  used  in  the  measurements  reported  here. 

Several  mechanisms  have  been  proposed  to  explain  the  turbulence  amplification  in  shock 
wave-boundary  layer  interactions.  A  nonlinear  coupling  of  entropy,  pressure,  and  vorticity 
fluctuations  involving  the  Rankine-Hugoniot  jump  conditions  at  the  shock  has  been  proposed  by 
Anyiwo  and  Bushnell.^  Turbulence  amplification  as  a  direct  result  of  shock  wave 
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unsteadiness  ^  is  also  widely  cited.  Finally,  both  bulk  compression  and  concave  streamline 
curvature  present  in  shock  wave-boundary  layer  interactions  are  known  to  be  destabilizing  and, 

therefore,  turbulence  enhancing.  ^2  four  of  these  mechanisms  become  more  significant  as  the 

comer  angle  is  increased,  thereby  increasing  the  shock  strength  and  the  range  of  shock  motion. 
Another  mechanism  that  is  not  often  cited  is  the  effect  of  separation  itself. 

The  studies  of  Ardonceau,  Kuntz,  Selig  et  al.  and  Smits  and  Muck  all  involved  relatively 
thick  boundary  layers  (8,  8,  26,  and  26  mm,  respectively)  and  very  small  separated  regions.  The 
current  study  involves  an  approximately  3  mm  thick  turbulent  incoming  boimdary  layer  and  a 
large  separated  flow  region.  This  separation  bubble  serves  as  a  reservoir  of  low  momentum  fluid 
that  may  be  entrained  by  turbulent  stmctures  within  the  free  shear  layer.  Unfortunately,  the  lack 
of  prior  studies  involving  a  large  separated  region  makes  the  effects  of  separation  caused  by  a 
second  fluid  stream  rather  than  by  a  solid  ramp  face  difficult  to  determine. 

In  contrast  to  the  case  of  shock-separated  fi'ee  shear  layers  are  expansion-separated  shear 
layers.  To  help  understand  the  flow  physics  of  the  shock-separated  case,  this  paper  will  make 
comparisons  with  the  work  of  Amatucci^^  and  Herrin,  which  represent  comprehensive  LDV 
investigations  of  the  mean  flow  and  turbulence  in  planar  and  axisymmetric  expansion-separated 
shear  layers,  respectively.  Herrin  investigated  a  single  M  =  2.5  (before  separation)  shear  layer 
while  Amatucci  studied  both  M  =  2.56  and  M  =  2.05  shear  layers.  Like  the  current  study,  both 
Amatucci’s  and  Herrin’s  flows  involved  relatively  thin  incoming  boundary  layers  and  a  large 
separated  flow  region. 
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FLOW  FACILITY 


A  schematic  of  the  test  section  and  flowfield  features  investigated  in  this  study  is  shown 
in  Figure  1.  The  upper  Mach  2.5  stream  (unit  Reynolds  number,  Re=48.9xl06  m'^)  and  the 

lower  Mach  1.5  stream  (Re=36.2xl06  m-l)  converge  at  a  40°  angle  past  a  12.7  mm  high  base 
plane.  The  boundary  layer  of  the  upper  stream  intercepts  the  oblique  separation  shock, 
consequently  separates,  and  forms  a  free  shear  layer,  as  shown  in  Figure  1.  This  shear  layer  then 
reattaches  with  the  shear  layer  formed  by  the  separation  (at  near  zero  pressure  gradient)  of  the 
boundary  layer  of  the  lower  stream,  thereby  enclosing  a  recirculating  region  behind  the  base. 
The  reattachment  of  the  shear  layers  generates  a  recompression  shock  system  and  the  resulting 
trailing  wake. 

The  upper  and  lower  streams  have  absolute  stagnation  pressures  of  506  kPa  and  25 1  kPa, 
respectively,  resulting  in  a  static  pressure  ratio  of  the  lower  to  the  upper  streams  of  P2/Pi=2.27. 
Surface  oil  flow  visualization  shows  that  the  center  32  mm  (63%)  of  the  flowfield  is  free  from 
sidewall  effects  and  is,  consequently,  two-dimensional  in  this  region.  The  blowdown-type 
supersonic  wind  tunnel  used  to  produce  this  flowfield  is  described  briefly  in  Palko  and  Dutton^ 

and  comprehensively  in  Palko^^  and  Shaw.^^ 

EQUIPMENT 

A  two-component  laser  Doppler  velocimetry  (LDV)  system,  with  a  TSI  IF  A  750  digital 
burst  correlator  operating  in  coincident  mode,  was  used  for  the  mean  velocity  and  turbulence 

measurements.  A  detailed  discussion  of  the  IFA  750  operation  is  given  by  Jenson.  One  beam 
of  each  color  is  shifted  by  40  MHz  to  minimize  fringe  biasing  and  to  allow  discrimination  of 
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negative  velocities.  The  blue  and  green  beam  pairs  are  also  oriented  at  approximately  +45  and 

-45°,  respectively,  to  the  mean  flow  direction  of  the  upper  stream  to  minimize  fringe  blindness. 

Separate  TSI  model  9306  six-jet  atomizers  introduce  silicone  oil  droplets  with  a  mean 
diameter  of  approximately  0.8  pm  into  each  stream.  The  oil  droplets  are  injected  downstream 
of  all  flow-conditioning  modules  and  upstream  of  the  nozzle  blocks  through  small  stainless  steel 
tubes.  The  scattered  light  from  the  droplets  is  collected  in  forward  scatter  at  an  off-axis 

collection  angle  of  10°  resulting  in  an  effective  measurement  volume  length  of  1.5  mm.  The 
13  mm  beam  spacing  and  250  mm  focal  length  transmitting  lens  result  in  a  measurement  volume 
diameter  of  0.127  mm  (the  spatial  resolution  in  the  two  velocity  measurement  directions). 

Due  to  their  significant  inertia,  seed  particles  produce  curved  pathlines  behind  an  oblique 
shock  wave  instead  of  following  the  fluid  streamlines  that  bend  discontinuously  at  the  shock 
front.  Using  the  Carlson-Hoglund^^  empirical  drag  law,  significant  particle  lag  effects  in  this 
study  were  estimated  to  be  limited  to  a  region  extending  2.8  mm  in  the  streamwise  (x)  direction 
downstream  of  the  shock  wave  (i.e.,  1 .4  mm  normal  to  the  shock).  This  oblique  shock  wave 
represents  by  far  the  largest  velocity  gradient  in  the  present  flowfield.  A  detailed  uncertainty 

analysis  of  the  velocity  measurements^^  predicts  a  maximum  uncertainty  outside  the  region  of 
significant  particle  lag  of  ±3.1%  for  the  mean  velocity  and  ±4.6%  for  the  turbulent  stresses. 

Since  the  boundary  layer  separation  point  oscillates  in  the  streamwise  direction  with  the 
shock  wave,  the  shear  layer  will  also  oscillate  and  cause  biasing  of  unconditionally  averaged 
velocity  data.  Palko  and  Dutton^  and  Palko^5  describe  in  detail  the  conditional  analysis 
technique  used  in  the  current  study  to  minimize  bias  in  the  velocity  measurements  due  to  shock 
wave  unsteadiness.  This  technique  allows  the  shock  position  (upstream,  between,  or 
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downstream  of  the  two  transducers)  to  be  determined  for  each  velocity  realization.  By 
ensemble-averaging  realizations  that  are  obtained  only  when  the  shock  is  between  the 
transducers,  this  procedure  effectively  “freezes”  the  shock  in  this  position  and  minimizes  the 
velocity  fluctuations  that  would  otherwise  be  recorded  due  to  the  shock  motion.  However,  large 
data  sets  must  be  obtained  to  ensure  adequate  statistical  certainty  from  the  ensemble  averages. 
Since  the  transducers  are  placed  at  19.0  and  16.5  mm  upstream  of  the  base  plane  (Figure  1),  the 
mean  shock  foot  position  (i.e.,  the  boundary  layer  separation  point)  for  the  conditionally 

analyzed  data  set  is  17.75±1.6  mm  upstream  of  the  base.  Palko^^  describes  in  detail  the  entire 
pressure  data  acquisition  system. 


RESULTS 

This  paper  presents  data  obtained  at  approximately  1500  spatial  locations  along  the 
spanwise  centerplane  of  the  flowfield.  The  origin  of  the  measurement  gnd  is  the  upper  base 
comer  with  the  x-axis  aligned  parallel  to  the  wall  (Figure  1).  The  streamwise  spacing  of  the 
measurement  locations  is  a  uniform  2.5  mm,  but  the  transverse  spacing  varies  from  0.125  mm  in 
high-gradient  regions  to  1.0  mm  in  the  almost  uniform  ffeestreams.  Two-component  velocity 
measurements  are  limited  to  y  >  1  mm  due  to  beam  clipping  at  the  wall  below  this  point.  The 
entire  measurement  grid  has  an  absolute  positional  uncertainty  (systematic  error)  in  the 
streamwise  and  transverse  directions  of  +250  pm  with  respect  to  the  base,  but  the  relative 
positional  uncertainty  (random  error)  of  each  point  with  respect  to  each  other  within  the 
measurement  grid  is  only  ±0.5  pm. 

Previously,  Palko  and  Dutton^  presented  selected  profiles  obtained  with  and  without 
conditional  analysis  to  illustrate  the  effects  of  shock  motion  on  the  turbulence.  This  paper 
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instead  analyzes  global  flowfield  features  by  presenting  results  (using  4096  instantaneous 
velocity  realizations  at  each  spatial  location)  obtained  only  when  the  shock  was  between  the  two 
transducers.  The  contour  levels  in  the  data  plots  do  not  represent  regular  intervals  in  the  data, 
but  instead  were  chosen  to  clearly  illustrate  the  features  of  the  flowfield.  Furthermore,  the  mean 
velocities  and  Reynolds  stresses  have  been  non-dimensionalized  using  the  freestream  velocity  in 
the  upper  stream,  Uoo  =  590  m/s.  Finally,  all  contour  and  line  plots  presented  in  this  study  are 
unsmoothed,  and  the  data  have  been  velocity  debiased  using  the  interarrival  time  weighting 
method  shown  by  Herrin  and  Dutton^^  to  be  the  most  accurate  debiasing  method  in  this  type  of 
flow. 

Mean  Flow 

Table  1  lists  various  properties  of  the  incoming  boundary  layer  of  the  upper  stream. 
These  properties  were  determined  by  applying  a  curve-fit  for  compressible,  turbulent  boundary 

layers^^  to  the  experimentally  obtained  boundary  layer  profile.  The  best  curve-fit  was  found  by 
varying  the  boundary  layer  thickness,  5,  and  the  skin  friction  coefficient,  Cf,  until  the  mean 
square  deviation  between  the  curve-fit  and  the  experimental  data  was  minimized.  The  resulting 
profile  equation  was  then  numerically  integrated  to  yield  the  boundary  layer  integral  parameters 
listed  in  Table  1 .  The  Reynolds  number  based  on  the  various  thicknesses  may  be  estimated  as 
Rea  =  120,000,  Rea*  =  28,000,  and  Ree  =  7600. 

Figure  2  presents  a  contour  plot  of  the  normalized  meain  stream  wise  velocity  component, 
U/Uco.  These  results  clearly  indicate  the  approach  boundary  layer,  the  two  shear  layers,  the 
recirculation  region  behind  the  base  (denoted  by  negative  values  of  U/U®),  the  separation  shock, 
the  upper  system  of  recompression  waves,  emd  the  trailing  wake.  The  two  shear  layers  reattach 
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at  approximately  16.25  mm  downstream  of  the  base.  (Due  to  the  dominance  of  the  streamwise 
velocity  component,  reattachment  is  defined  here  as  the  point  of  zero  UAJ®-)  The  reattachment 
point  is  noted  by  a  small  plus  sign  in  Figure  2  and  all  subsequent  contour  plots.  Also  interesting 
is  the  sudden,  almost  discontinuous  decrease  in  the  streamwise  mean  velocity  and  subsequent 
thickening  of  the  boundary  layer  at  the  shock  foot  location  (x  =  -17.75  mm).  The  presence  of 
this  discontinuity  at  the  expected  location  between  the  two  transducers  indicates  that  the  shock 
position  is  being  accurately  “frozen”  by  the  conditional  analysis  algorithm. 

The  combined  mean  velocity  field  (streamwise  and  transverse  components)  is  presented 
as  a  vector  plot  in  Figure  3.  This  figure  clearly  shows  the  uniform  flow  in  each  freestream 
approaching  the  base,  the  two  shear  layers,  the  separation  shock,  the  reattachment  point  at 
x  =  +16.25  mm,  and  the  wake  development.  The  thickening  of  the  upper  boundary  layer  as  the 
base  plane  is  approached  is  also  apparent  in  Figure  3.  The  inflection  points  in  the  velocity 
profiles  immediately  upstream  of  the  base  are  e.xpected  since  the  flow  is  separated  at  these 
locations.  To  allow  closer  examination  of  the  recirculation  region,  a  vector  plot  of  only  the  base 
region  is  presented  in  Figure  4.  The  two  distinct  recirculating  eddies  within  the  region  of 
separated  flow  may  be  clearly  seen  in  Figure  4  as  well  as  the  recirculating  flow  near  the  wall  at 
the  base  plane  below  the  upper  shear  layer.  The  reattachment  of  the  two  shear  layers  in  the 
neighborhood  of  x  =  +1 6  mm  is  also  more  apparent  in  this  expanded  view. 

An  equivalent  “ramp  comer  angle”  may  be  defined  for  the  current  flow  as  the  angle 
between  the  mean  reattached  wake  direction  (inviscid  slip  line)  and  the  x-axis.  This  inviscid  slip 
line  is,  of  course,  a  compliant  boundary  rather  than  a  rigid  boundary  such  as  the  downstream 
ramp  surface  in  a  compression  comer.  By  using  a  linear  regression  through  the  points  of 


S 


minimum  streamwise  velocity  at  all  measured  streamvvise  locations  downstream  of  reattachment, 
this  equivalent  comer  angle  is  estimated  to  be  28®. 


Figure  5  presents  the  mean  Mach  number  distribution  throughout  the  flowfield.  The 
Mach  number  was  obtained  by  measuring  the  stagnation  temperature  inside  the  plenum  chamber 
of  the  wind  tunnel  and  applying  the  assumption  of  adiabatic  flow  to  extract  the  static  temperature 
and  speed  of  sound  throughout  the  flowfield.  Figure  5  clearly  reveals  the  separation  shock,  the 
recompression  wave  systems  and  the  large  subsonic  region  downstream  of  the  base.  The 
dramatic  change  in  compressibility  across  the  upper  shear  layer  is  indicated  by  the  highly 
compressible  ffeestream  on  the  outside  (M  >  2.0)  and  the  large  region  of  nearly  incompressible 
flow  near  the  base  on  the  inside  of  this  thin  layer  (M  <  0.3). 

To  quantify  the  compressibility  of  the  shock-separated  shear  layer  one  may  use  the  mean 

velocity  data  to  determine  a  convective  Mach  number,  The  convective  Mach  number 

is  the  Mach  number  of  each  ffeestream  relative  to  the  large-scale  turbulent  stmctures  in  the  free 
shear  layer.  For  cases  in  which  the  freestream  gases  on  each  side  of  the  shear  layer  are  the  same 
and  stream  1  is  the  high-speed  stream,  the  convective  Mach  number  can  be  computed  as: 


Mr  = 


f/,  -c/. 


a,  +  a. 


(1) 


For  the  upper  shear  layer  in  this  study,  the  convective  Mach  number  is  approximately  1.4,  which 
indicates  very  strong  effects  of  compressibility.  This  value  of  Me  is  also  approximately  equal  to 
those  of  the  planar  and  axisymmetric  expansion-separated  free  shear  layers  in  the  studies  of 

Amatucci^^  and  Flerrin,^^  respectively. 
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Reynolds  Normal  Stresses 

The  dimensionless  streamwise  normal  stress  distribution  is  displayed  in  Figure  6. 
Clearly,  the  turbulence  in  both  freestreams  is  very  small.  The  shock-induced  separation  process 
dramatically  increases  the  streamwise  normal  stress,  and  the  reattachment  process  and  wake 
development  dramatically  decrease  it  in  the  upper  shear  layer.  The  shock  interaction  increases 
the  streamwise  normal  stress  by  a  factor  of  about  5.5  times  the  peak  measured  value  in  the 
incoming  boundary  layer  of  0.02Uoo^.  The  maximum  streamwise  normal  stress  value  of  0.1  lUoo^ 

occurs  immediately  upstream  of  reattachment. 

The  increased  streamwise  turbulence  levels  in  the  current  study  match  closely  those  cited 

by  Ardonceau^  in  his  separated,  1 8°  compression  comer  flow,  but  exceed  those  cited  in  the  other 
shock  interaction  studies.  These  differences  could  be  attributable  to  possible  difficulties  in 
interpreting  hot-wire  measurements  made  in  supersonic  flows^  and  the  lack  of  LDV  data 

immediately  downstream  of  the  interaction  in  Kuntz’s^  study.  The  peak  streamwise  turbulence 
levels  in  the  present  study  exceed  those  of  both  Herrin  and  Amatucci.  This  difference  is  due  to 
the  presence  of  the  adverse  pressure  gradient,  bulk  compression,  and  concave  streamline 
curvature  at  separation  for  the  current  shock-separated  shear  layer,  as  compared  to  the 
expansion-separated  cases. 

The  transverse  normal  stress  distribution  is  displayed  in  Figure  7.  Separation  of  the 
upper  shear  layer  dramatically  increases  the  transverse  normal  stress  by  a  factor  of  5  over  that  in 
the  incoming  boundary  layer.  The  lower  shear  layer  displays  large  values  of  transverse  normal 
stress,  but  this  is  primarily  due  to  the  inclination  of  the  lower  shear  layer  with  respect  to  the  x- 
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axis.  Because  of  this,  velocity  fluctuations  within  the  lower  shear  layer  have  a  large  transverse 
component. 

While  the  transverse  normal  stress  in  the  lower  shear  layer  (and  for  the  entire  flowfield) 
peaks  before  reattachment  (at  x  =  +12.5  mm),  the  transverse  normal  stress  in  the  upper  shear 
layer  increases  throughout  the  recompression  region  and  through  reattachment.  In  general  the 
developing  wake  exhibits  decreasing  turbulence  levels,  but  large  values  (>0.018Uoo)  of 
transverse  normal  stress  persist  for  over  12.5  mm  downstream  of  reattachment  (to 
X  =  +28.75  mm).  The  far  wake  is  characterized  by  decreasing  transverse  normal  stress,  but  at  the 
downstream  limit  of  the  measurement  region  (x  =  +40  mm),  the  values  are  still  greater  than 
O.OlOUoo^  (which  is  equal  to  the  value  immediately  after  separation).  This  delayed  decrease  in 
the  transverse  normal  stress  may  be  indicative  of  a  shift  in  turbulent  energy  with  recompression 
and  reattachment  from  the  streamwise  normal  stress  to  the  transverse  and  spanwise  normal 

stresses.  Herrin  and  Dutton^^  also  note  increasing  normal  stress  isotropy  through  reattachment 
of  an  axisymmetric  shear  layer  that  is  indicative  of  such  a  shift  in  turbulent  energy.  This  delayed 
decrease  may  also  be  due  to  the  large  transverse  normal  stress  in  the  lower  shear  layer  that  comes 
primarily  from  the  inclination  of  the  lower  shear  layer  with  respect  to  the  x-axis. 

The  streamwise  normal  stress  in  the  current  study  peaks  immediately  before 
reattachment.  This  feature  is  common  to  compressible  free  shear  layers  formed  through  both 
planar  rapid  expansions'^  and  planar  shock-induced  separation, but  contrasts  with  the 
decreasing  turbulence  levels  through  recompression  and  reattachment  in  axisymmetric 
geometries.24  This  provides  evidence  of  the  stabilizing  (i.e.,  turbulence-reducing)  effect  of 
lateral  streamline  convergence  for  the  axisymmetric  case,  but  not  for  the  planar. 
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Turbulence  Amplification 

Turbulence  amplification  has  been  documented  in  many  types  of  shock  wave-boundary 
layer  interactions.  Smits  and  Muck^  reported  in  their  8°,  16°,  and  20°  compression  comer 
studies  normal  stress  amplification  factors  of  up  to  14  times  the  incoming  boundary  layer  values, 
with  the  larger  comer  angles  (i.e.,  stronger  shocks)  exhibiting  the  larger  turbulence  amplification. 
Smits  and  Muck  used  the  “Strong  Reynolds  Analogy”  (SRA)  to  extract  the  kinematic  turbulent 
stresses  from  the  mass-weighted  hot-wire  measurements.  However,  the  SRA  assumes  that 
pressure  fluctuations  are  negligible,  which  is  not  tme  downstream  of  unsteady  shock  waves  and 

therefore  complicates  the  interpretation  of  hot-wire  measurements  in  such  flows.  Kuntz^ 
reported  peak  streamwise  normal  stress  levels  in  the  reartac/iei/ boundary  layer  of  between  2  and 
10  times  the  levels  in  the  approaching  boundary  layer,  for  his  8°,  12°,  16°,  20°,  and  24° 
compression  comers,  respectively.  Larger  turbulence  amplification  factors  may  well  have 
occurred  in  Kuntz’s  flow  upstream  of  reattachment,  but  were  not  measured.  By  comparison,  the 
streamwise  normal  stress  in  the  present  study  peaks  upstream  of  reattachment.  In  his  18° 
compression  comer,  Ardonceau^  reports  a  peak  streamwise  normal  stress  value  just  below  the 
center  of  his  shear  layer  prior  to  reattachment  of  0.1 14Uoo^,  an  increase  of  a  factor  of  4.3  over  the 
approaching  boundary  layer  values.  This  agrees  well  with  the  peak  value  in  the  present  study. 
The  normal  stress  amplification  ratios  quoted  for  Kuntz  and  Ardonceau  are  estimated  from 
turbulence  intensity  profiles  and  consequently  have  large  uncertainties. 

Ardonceau^,  Kuntz^,  and  Smits  and  Muck^  examined  a  range  of  compression  comer 
angles.  All  these  studies  found  increasing  turbulence  amplification  with  increasing  comer  angle 
and  attributed  it  to  increasing  shock  strength,  bulk  compression,  and  concave  streamline 
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curvature.  Both  Ardonceau  and  Kuntz  found  no  dramatic  difference  between  separated  (larger 
angles)  and  unseparated  (smaller  angles)  comer  flows,  indicating  that  separation  has  little  effect 

on  turbulence  amplification.  Smits  and  Muck^  concluded  that  for  weak  shocks  turbulence 
amplification  is  primarily  due  to  the  effects  of  bulk  compression,  adverse  pressure  gradient,  and 
concave  streamline  curvature.  Smits  and  Muck  assert  that  the  turbulence  amplification  depends 
more  on  the  overall  pressure  rise  through  the  interaction  than  on  the  presence  of  a  shock  wave. 
They  also  proposed  that  shock  wave  oscillation  becomes  an  important  mechanism  for  stronger 
shocks. 

Selig  and  Smits,  ^  ^  however,  in  a  separated  24®  compression  comer  study,  concluded  that 
shock  unsteadiness  is  not  an  important  mechanism,  since  the  downstream  turbulence  showed  no 
change  when  the  shock  wave  was  driven  at  a  particular  frequency.  The  shock  wave  was  forced 
in  this  flow  by  periodic  blowing  into  the  separated  region  and,  unlike  the  present  study,  no 
conditional  analysis  was  used  to  isolate  either  shock  position  or  shock  motion  direction  from  the 

turbulent  fluctuations.  In  contrast,  Palko  and  Dutton^  found  that  shock  motion  direction  does 
have  a  significant  effect  on  downstream  turbulence  levels  as  well  as  on  the  organization  of  the 
turbulence. 

Amatucci^^  and  Herrin^ ^  also  report  turbulence  increases  smaller  than  the  above-cited 
levels  for  their  planar  and  axisymmetric  base  flows,  respectively.  Both  researchers  found  that, 
despite  the  stabilizing  influences  of  a  favorable  pressure  gradient,  bulk  expansion,  and  convex 
streamline  curvature,  the  turbulence  at  the  inner  (low-speed)  edge  of  the  free  shear  layer 
increases  dramatically  over  its  levels  in  the  approaching  boundary  layer  in  response  to  the 
expansion  at  separation.  In  particular,  Herrin  found  that  the  turbulence  levels  in  the  outer  portion 
of  his  free  shear  layer  formed  through  a  rapid  expansion  were  “frozen”  at  or  below  the  upstream 
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levels,  while  the  inner  edge  experienced  streamwise  normal  stress  increases  of  approximately  9 
times  the  levels  in  the  approaching  boundary  layer. 

Ardonceau^  and  Kuntz^  report  increases  of  9  and  20,  respectively,  over  the  peak 
transverse  normal  stress  levels  in  their  approaching  boundary  layers  for  their  compression  comer 
flows.  Herrin reports  a  peak  transverse  normal  stress  value  of  0.024Uoo^  for  his  rapidly 
expanded  axisymmetric  free  shear  layer.  The  data  of  Herrin  reflect  an  increase  of  3  over  the 

transverse  normal  stress  level  in  his  approaching  boundary  layer.  Amatucci’s^^  data  display 
amplifications  of  roughly  3  and  8  times  the  peak  transverse  normal  stress  levels  in  the 
approaching  boundary  layers  for  his  upper  (Mach  2.56)  and  lower  (Mach  2.05)  rapidly  expanded 
planar  shear  layers,  respectively.  The  peak  transverse  normal  stress  amplification  factor  in  the 
present  study  lies  within  the  range  cited  above. 

Turbulent  Kinetic  Energy 

The  turbulent  kinetic  energy,  TKE,  distribution  (where  the  spanwise  normal  stress  is 
assumed  equal  to  the  transverse  normal  stress)  is  displayed  in  Figure  8.  The  turbulent  kinetic 
energy  contours  resemble  closely  the  streamwise  normal  stress  contours.  Figure  6.  The 
streamwise  normal  stress  is  much  larger  than  its  transverse  counterpart  over  most  of  the  flowfield 
and  so  dominates  the  turbulent  kinetic  energy.  Therefore,  like  the  streamwise  normal  stress,  the 
turbulent  kinetic  energy  is  much  larger  in  the  upper  shear  layer  than  in  the  lower  shear  layer  and 
peaks  near  reattachment. 

Unlike  the  present  study,  both  Kuntz  and  Amatucci  approximated  the  spanwise  normal 
stress  as  the  average  of  the  streamwise  and  transverse  normal  stresses.  This  average  definition 

may  overstate  the  actual  value  of  the  TKE.  Herrin, however,  was  able  to  measure  all  three 
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velocity  components  and,  therefore,  determined  the  TKE  without  any  approximations.  The 
maximum  TKE  in  the  present  study,  0.07Uoo^,  exceeds  the  maximum  value  of  0.04211®^  Herrin 
found  upstream  of  reattachment  for  his  axisymmetric  expansion-induced  free  shear  layer.  The 
reasons  for  the  difference  in  the  TKE  values  in  the  present  study  and  those  of  Herrin  are  the 
additional  mechanisms  discussed  earlier  for  turbulence  production  present  in  shock  wave¬ 
boundary  layer  interactions  that  are  not  present  in  rapidly  expanded  compressible  shear  layers. 

The  maximum  TKE  value  in  the  current  study  is  also  larger  than  the  0.05U®^  maximum 

TKE  value  reported  by  Kuntz^  after  reattachment  in  his  24°  compression  comer  (the  largest 
ramp  angle  tested  and  largest  TKE  value  reported).  The  larger  equivalent  comer  angle  (28°)  in 
the  present  study  than  the  actual  comer  angle  of  Kuntz’s  flow  may  also  explain  the  larger  TKE 
level  of  the  present  study.  In  addition  a  larger  peak  may  have  occurred  near  reattachment  but 

upstream  of  the  region  of  measurement  in  Kuntz’s  study.  Amatucci^^,  however,  reports 
maximum  TKE  values  occurring  close  to  reattachment  of  approximately  0.06U®  and  0.07U® 
for  his  upper  (Mach  2.56  freestream)  and  lower  (Mach  2.05  freestream)  expansion-induced 
planar  free  shear  layers,  respectively.  Both  of  these  peak  values  are  close  to  the  peak  value 
observed  in  the  current  study. 

Residual  Shock  Motion 

The  transverse  normal  stress  contour  plot.  Figure  7,  indicates  a  narrow  band  of  increased 
turbulence  that  lies  well  above  the  upper  shear  layer.  By  comparing  the  location  of  this  band  to 
the  contour  plot  of  mean  streamwise  velocity.  Figure  2,  this  region  is  seen  to  correspond  to  the 
location  of  the  separation  shock  wave.  This  increase  in  apparent  transverse  normal  stress 
immediately  downstream  of  the  shock  wave  may  be  due  to  one  of  three  factors:  (1)  small-scale 
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shock  unsteadiness  that  is  below  the  resolution  limit  of  the  conditional  analysis  technique 
(±1.6  mm);  (2)  particle  lag  downstream  of  the  shock  due  to  the  finite  sized  LDV  seed  particles 
(2.8  mm  extent  in  the  streamwise  direction);  or  (3)  the  slight  polydisperse  size  distribution  of 
seed  particles. 

Bloomberg  compared  LDV  data  acquired  using  the  same  seeder  and  silicone  oil  used 
in  this  study  with  data  acquired  using  monodisperse  polystyrene  latex  particles  behind  an  oblique 
shock  wave  slightly  stronger  than  the  separation  shock  in  the  current  study.  Bloomberg 
concluded  that  false  turbulence  due  to  the  slight  polydispersion  of  silicone  oil  droplet  sizes  was 
small  compared  to  the  overall  turbulence  levels  in  his  flowfield.  For  this  reason,  the  small 
increase  in  turbulence  downstream  of  the  separation  shock  wave  in  the  current  experiment  is 
most  probably  not  due  to  a  polydisperse  size  distribution  of  seed  particles. 

Across  cui  oblique  shock  wave,  the  tangential  velocity  component  (relative  to  the  shock 
front)  is  unaltered,  but  the  normal  velocity  component  is  dramatically  decreased.  One  may  then 
expect  that  small-scale  shock  motion  below  the  resolution  limit  of  the  conditional  analysis 
technique  would  result  in  bimodal  distributions  in  the  velocity  component  normal  to  the  shock  at 
locations  near  the  mean  shock  location  (depending  on  whether  the  instantaneous  shock  location 
is  ahead  of  or  behind  the  measurement  location).  Figure  9  presents  velocity  histograms  from  the 
green  LDV  channel  obtained  at  six  different  transverse  (y)  locations  near  the  separation  shock. 
The  data  in  Figure  9  have  been  conditionally  analyzed  to  contain  only  velocity  realizations 
occurring  when  the  shock  foot  was  between  the  two  pressure  transducers,  but  have  not  been 
velocity  debiased. 

For  these  particular  measurements  the  green  LDV  channel  was  aligned  at  44°  clockwise 
from  the  x-axis  and  the  separation  shock  wave  is  inclined  at  a  32°  angle  counter-clockwise  from 
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the  x-axis.  (Two  slightly  different  alignments  were  used  during  the  data  collection  for  this  study, 
but  as  noted  in  the  equipment  section  both  were  approximately  ±45°  to  the  x-axis.)  This 
particular  alignment  results  in  the  green  LDV  channel  being  aligned  at  76°  to  the  separation 
shock  (a  perfect  90°  alignment  would  simply  further  accentuate  the  observed  bimodal  nature  of 
the  velocity  histograms).  Figure  9  clearly  shows  that,  at  locations  above  (y  =  +18mm)  and 
below  (y  =  +13  mm)  the  shock,  a  roughly  unimodal  velocity  distribution  occurs.  As  the  mean 
shock  location  is  approached  from  either  above  or  below,  however,  the  velocity  distribution 
becomes  increasingly  bimodal  with  maximum  bi-modality  occurring  at  y  =  +15  mm. 

One  may  estimate  from  the.  histograms  shown  in  Figure  9  that  significant  bimodality 
exists  over  a  transverse  region  of  approximately  3  mm  (y  =  +14nim  to  y  =  +17mm).  This 
equates  to  a  streamwise  shock  motion  distance  of  4.8  mm.  Together,  the  resolution  limit  of  the 
conditional  analysis  algorithm  and  particle  lag  are  conservatively  estimated  to  produce 
significant  uncertainty  over  a  streamwise  region  of  roughly  6.0  mm.  This  length  scale  agrees 
with  the  length  scales  estimated  from  the  velocity  histograms  in  Figure  9  and  from  the  relatively 
constant  width  band  of  increased  apparent  transverse  normal  stress  near  the  shock  location  in 

Figure  7.  Smits  and  Muck^  also  noted  small  peaks  at  the  shock  location  in  profiles  of  mass- 
weighted  streamwise  normal  stress  obtained  with  hot-wires  in  their  compression  comer  flows 
without  conditional  analysis.  Smits  and  Muck  concluded  that,  like  this  study,  the  region  of  shock 
motion  has  an  approximately  constant  length,  independent  of  distance  from  the  wall. 

Reynolds  Shear  Stress 

The  dimensionless  primary  Reynolds  shear  stress  distribution,  -<u'v'>/U<o^,  is  displayed 
in  Figures  10  and  11.  Since  the  primary  Reynolds  shear  stress  is  negative  in  boundary  layers,  the 
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negative  of  the  shear  stress  is  often  presented,  i.e.  -<u'v'>.  This  study  follows  this  convention  in 
all  shear  stress  plots.  As  can  be  seen  from  Figures  10  and  11,  the  shock-induced  separation 
increases  the  magnitude  of  the  primary  shear  stress.  In  their  compression  comer  experiment, 

Smits  and  Muck^  reported  only  negative  values  of  <u'v'>  and  increases  in  the  peak  magnitude  of 
the  shear  stress  of  up  to  13  times  the  peak  level  in  the  approaching  boundary  layer.  In  the  current 
experiment,  a  band  of  negative  shear  stress  may  be  seen  lying  above  the  shear  layer  in  Figure  10. 
By  comparing  Figure  10  with  the  contour  plot  of  the  streamwise  mean  velocity  (Figure  2),  this 
band  of  negative  shear  stress  is  again  seen  to  coincide  with  the  separation  shock  wave  and  is 
most  likely  due  to  particle  dynamics  and  shock  wave  motion  below  the  resolution  limit  of  the 
conditional  analysis  technique. 

The  compression  comer  studies  of  Ardonceau,^  Kuntz,^  Smits  and  Muck,^  and  the 
expansion-induced  separation  studies  of  Amatucci^^  and  Herrin contain  peak  negative  shear 
stress  values  of  -0.002U*^  -0.018U«,^  -0.006Uco^,  -0.042Uoo^,  and  -0.012Ua,\  respectively.  The 
peak  positive  and  negative  shear  stress  values  of  +0.00713*^  and  -0.007U«,^,  respectively,  that  are 
found  inside  the  shock-induced  shear  layer  of  the  present  study  exceed  the  peak  values  recorded 
in  the  separated  compression  comers  of  Ardonceau  and  Smits  and  Muck,  but  lie  well  below  the 
value  reported  by  Kuntz  for  his  compression  comer  flows  after  reattachment.  We  believe  that 
the  scale  of  the  shear  stress  plots  in  Ardonceau’s  article  may  be  in  error  and  that  the  true  peak 
shear  stress  in  this  work  may  actually  be  an  order  of  magnitude  larger  than  the  value  cited  above. 
The  values  of  both  Amatucci  and  Herrin  in  expansion-induced  shear  layers  lie  well  above  those 
of  the  present  study,  and  indicate  that  the  underlying  turbulent  structures  in  rapidly  expanded 
compressible  free  shear  layers  differ  from  those  in  shock  wave-boundary  layer  interactions. 
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Figure  1 1  clearly  shows  both  the  positive  and  negative  shear  stress  peaks  at  the  x  =  0  and 
X  =  +12.5  mm  locations  (the  two  plotted  profiles  through  the  free  shear  layer).  The  top  negative 
peak  in  <u'v'>  in  the  x  =  0  and  x  =  +12.5  mm  profiles  is  due  to  residiral  shock  motion.  The 
X  =  +12.5  mm  profile  shows  a  second  large  positive  shear  stress  peak  coinciding  with  the  lower 
shear  layer.  This  positive  peak  is  expected,  since  the  mean  velocity  profile  has  a  negative  slope 
inside  the  lower  shear  layer.  Examining  Figure  10,  one  sees  that  the  region  of  positive  shear 
stress  within  the  shock-induced  free  shear  layer  only  exists  between  separation  and  reattachment. 
Examining  the  x  =  +30  mm  profile  in  Figure  1 1,  one  sees  that  single  negative  and  positive  peaks 
appear  symmetrically  across  the  wake.  This  is  expected  due  to  the  deficit  in  the  mean  velocity 
profiles  inside  the  wake,  and  matches  the  shear  stress  profiles  found  in  other  wake  studies. 

Can  a  Positive  Shear  Stress  Exist? 

The  region  of  positive  shear  stress  in  the  upper-half  (high-speed  side)  of  the  shock- 
separated  shear  layer  is  not  expected  since  the  slope  of  the  mean  velocity  profile  there  is  positive. 
If  a  fluid  element  moves  up  or  down  between  the  high-speed  and  low-speed  regions  inside  a 
shear  layer  with  a  positively  sloped  mean  velocity  profile,  then  the  instantaneous  shear  stress, 
u'v',  for  the  fluid  element  is  expected  to  be  negative.  This  argument,  however,  neglects  the 
potential  effects  of  coherent  turbulent  structures  in  the  shear  layer  which  physically  allow  a 
region  of  positive  <u'v'>  to  exist. 

The  separated  compression  comer  studies  of  Ardonceau^  and  Smits  and  Muck^  include 
measurements  of  the  free  shear  layer  prior  to  reattachment,  but  did  not  indicate  a  positive  shear 
stress  region.  This  absence  may  be  due  to  the  difference  in  incoming  boundary  layer  thickness 
relative  to  the  size  of  the  separated  region  or  to  the  presence  of  a  rigid  downstream  boundary 
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rather  than  a  second  fluid  stream  as  in  the  present  study.  The  absence  of  a  positive  shear  stress 
region  in  the  data  of  Ardonceau  and  Smits  and  Muck  may  also  be  due  to  the  larger  equivalent 
comer  angle  (28°)  of  the  present  flow  than  the  comer  angles  in  their  two  studies. 

The  disappearance  of  the  positive  shear  stress  region  in  the  outer  portion  of  the  upper 
shear  layer  at  reattachment  may  explain  why  Kuntz,^  who  made  no  measurements  upstream  of 
reattachment,  did  not  measure  a  positive  shear  stress  region  in  any  of  the  compression  comers  he 
investigated.  Similarly,  the  additional  mechanisms  for  turbulence  amplification  and  alteration 
present  in  shock  wave-boundary  layer  interactions  may  explain  why  the  expansion-induced  free 

shear  layer  studies  of  Amatucci^^  and  Herrin  include  only  a  negative  shear  stress  region. 

A  positive  shear  stress  peak  occurs  at  all  but  one  of  the  13  streamwise  traverse  locations 
in  the  shock-induced  free  shear  layer  of  the  current  study.  The  locations  of  these  positive  peaks 
form  a  straight  line  along  this  free  shear  layer.  Furthermore,  these  shear  stress  measurements 
(like  the  rest  of  the  data  presented  in  this  study)  are  repeatable  over  a  period  of  several  months. 
Finally,  other  turbulence  quantities,  including  higher  order  statistical  moments  such  as  the 
<u'u'u'>  triple  product  extracted  from  the  same  velocity  ensembles  used  to  calculate  the  shear 
stress,  display  the  expected  trends.  This  persistence  and  uniformity  of  these  shear  stress  data, 
combined  with  the  presence  of  expected  trends  in  other  quantities,  provide  evidence  that  the 
positive  shear  stress  regions  inside  the  upper  shear  layer  are  a  true  physical  phenomenon  and  not 
an  artifact  of  the  measurement  technique.  However,  if  the  instantaneous  velocity  data  are  rotated 
to  coordinates  parallel  and  perpendicular  to  the  local  shear  layer  direction  rather  than  the  tunnel 
coordinates  (Figure  1)  used  in  this  paper,  the  positive  shear  stress  values  might  disappear.  This 
will  be  the  subject  of  future  work,  but  preliminary  analysis  indicates  that  this  would  cause  the 
shear  stress  values  to  approach  small  positive  values  rather  than  significant  negative  values. 
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Counter-rotating  vortex  pairs  oriented  in  the  streamwise  direction  may  exist  inside  the 
shock-separated  free  shear  layer  of  the  present  study.  These  vortex  pairs  are  similar  to  the 
Taylor-Gortler  vortices  that  are  known  to  form  in  boundary  layers  on  walls  with  concave 
curvature.  The  shock-separated  shear  layer  in  the  present  study  also  displays  a  concave 
curvature,  so  an  instability  mode  similar  to  the  Taylor-Gortler  mode  may  be  expected.  These 
vortex  pairs  are  believed  to  produce  powerful  ejections  of  fluid  (Quadrant  I:  u'  >  0,  v'  >  0)  that 
result  in  the  observed  region  of  positive  shear  stress.  This  vortex  theory  was  first  proposed  by 

Palko^^  in  conjunction  with  a  further  detailed  analysis  and  discussion  of  the  shock-separated 
shear  layer  turbulence  structure  that  provides  additional  evidence  of  such  vortex  pairs.  This 
analysis  will  be  the  subject  of  a  future  paper. 

CONCLUSIONS 

This  study  presents  to  our  knowledge  the  first  turbulence  measurements  obtained  in  a 
shock-separated  shear  layer  and  the  first  turbulence  measurements  in  any  two-dimensional, 
shock-separated  free  shear  layer  to  account  directly  for  shock  wave  unsteadiness.25  Detailed 
experimental  data  are  presented  to  allow  verification  of  improved  numerical  solutions,  including 
improved  turbulence  models  for  shock  wave-boundary  layer  interactions.  The  results  show  that 
shock-induced  separation  dramatically  increases  the  Reynolds  normal  stresses  in  the  upper  shear 
layer.  The  streamwise  normal  stress  is  much  larger  than  the  transverse  normal  stress  md, 
consequently,  dominates  the  turbulent  kinetic  energy  through  most  of  the  flowfield  (assuming 
that  the  transverse  and  spanwise  normal  stress  magnitudes  are  similar,  as  has  been  found  in 
previous  related  studies). 
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The  subsequent  reattachment  of  the  two  shear  layers  dramatically  decreases  the 
turbulence  levels.  The  developing  wake  is  dominated  by  a  further  reduction  in  all  turbulent 
stresses.  However,  large  values  of  the  transverse  normal  stress  are  seen  to  persist  well 
downstream  of  reattachment,  possibly  indicating  a  shift  in  turbulent  energy  from  the  streamwise 
component  to  the  transverse  (and  presumably  spanwise)  components  through  recompression  and 
reattachment.  As  in  expansion-separated  planar  shear  layers,  the  streamwise  normal  stress  is 
seen  to  peak  at  reattachment  rather  than  upstream  of  reattachment  as  in  axisymmetric  expansion- 
induced  shear  layers.  This  provides  further  evidence  of  the  stabilizing  effects  of  lateral 
streamline  convergence  on  the  turbulent  flowfleld  for  the  axisymmetric  case.  Interestingly, 
regions  of  both  positive  and  negative  Reynolds  shear  stress  exist  inside  the  shock-separated  shear 
layer.  The  positive  shear  stress  region  is  formed  at  separation  and  disappears  at  reattachment, 
and  may  be  explained  by  the  presence  of  streamwise-oriented  counter-rotating  vortex  pairs 
similar  in  nature  to  Taylor-Gortler  vortices.  Finally,  velocity  histograms  obtained  in  the 
immediate  neighborhood  of  the  shock  indicate  that  the  range  of  unsteady  shock  motion  has  a 
relatively  constant  width  irrespective  of  distance  from  the  wall. 
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Table  1  Approach  boundary  layer  properties 


Boundary  layer  thickness,  5  (mm) 

3.2 

Displacement  thickness,  5*  (mm) 

0.78 

Momentum  thickness,  0  (mm) 

0.21 

Shape  factor,  H  =  5*/0 

3.7 

Wake  strength  factor,  11 

0.86 

Skin  friction  coefficient,  Cf 

0.0016 

Friction  velocity,  Ut  (m/s) 

23.6 
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Figure  2  Mean  streamwise  velocity  field,  U/Uoo 
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Figure  3  Mean  velocity  vector  field 


31 


-20  -10  0  10  20  30  40 

X  (mm) 

Figure  8  Turbulent  kinetic  energy  (TKE)  field,  (<u'^>+2<v'^>)/2Ua3^ 
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Figure  9  Green  LDV  channel  velocity  histograms  near  shock  location  (x=+7.5  mm) 


Figure  10  Reynolds  shear  stress  field,  -<uV'>/U, 
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ABSTRACT 

The  separation  process  in  plume-induced,  boundary  layer  separated  flowfields  was  found  to  be 
unsteady.  Two  in-situ,  fast-response  pressure  transducers  were  used  to  make  individually  and 
simultaneously  sampled  wall  pressure  fluctuation  measurements  over  the  intermittent  region  of 
separation  shock  wave  motion.  A  conditional  analysis  technique  was  applied  to  the  pressure¬ 
time  histories,  and  statistical  methods  were  then  used  to  analyze  the  period,  frequency,  and 
velocity  ensembles  of  the  shock  motion.  The  mean  frequencies  of  this  motion  ranged  between 
1300  and  1500  Hz  over  the  intermittent  region,  and  the  most  probable  shock  wave  frequencies 
occurred  between  1  and  4  kHz  over  this  region.  The  maximum  zero-crossing  frequency  of  the 
shock  wave  motion  was  approximately  500-600  Hz.  The  mean  (approximately  3.5%  of  the 
freestream  velocity)  and  most  probable  (approximately  6%  of  the  freestream  velocity)  shock 
wave  velocities  in  either  direction  were  found  to  be  essentially  constant  over  the  intermittent 
region.  These  results  are  compared  to  those  for  shock  wave-boundary  layer  interactions  caused 
by  solid  protruberances. 


INTRODUCTION 

Plume-induced  boundary  layer  separation  (PIBLS)  is  an  important  phenomenon  that  can 
adversely  affect  the  aerodynamic  and  heat  transfer  characteristics  of  rockets  and  missiles.  It 
occurs  when  the  blockage  caused  by  a  highly  underexpanded  jet  plume  causes  the  afterbody 
boundary  layer  to  separate  upstream  of  the  base  comer.  Our  studies  in  a  supersonic  wind  tunnel 
facility  used  to  produce  PIBLS  have  shown  the  separation  process  to  be  unsteady.L^  The 
separation  shock  wave  was  observed  to  translate  randomly  in  the  streamwise  direction  over  a 
distance  of  several  incoming  boundary  layer  thicknesses.  Wall  static  pressure  fluctuation 
measurements  were  made  in  the  intermittent  region  (i.e.,  the  region  of  shock  wave  motion)  using 
two  flush-mounted,  fast-response  pressure  transducers.  Standard  time-series  analysis  techniques 


were  applied  to  the  pressure-time  histories  obtained  from  these  pressure  transducers  and  the 
resulting  statistical  properties  were  used  to  characterize  the  separation  shock  wave  motion.  ^ 
However,  since  each  pressure-time  history  obtained  from  the  intermittent  region  contains 
pressure  fluctuations  caused  by  the  shock  wave  motion,  as  well  as  pressure  fluctuations  caused 
by  turbulence  in  both  the  incoming  boundary  layer  and  the  downstream  separated  region,  it  can 
be  difficult  to  differentiate  between  effects  caused  by  these  two  pressure  fluctuation  sources.  In 
fact,  the  turbulence  pressure  fluctuations  can  entirely  mask  the  effect  of  shock  motion  pressure 
fluctuations  in  some  statistical  properties.  For  example,  the  convection  velocities  of  the  shock 
wave  motion  could  not  be  calculated  from  cross-correlation  estimates  because  no  convection 
times  corresponding  to  the  shock  wave  motions  were  found  to  exist  in  these  estimates.  ^  In  order 
to  isolate  the  pressure  fluctuations  caused  by  the  shock  motion  from  those  caused  by  turbulence 
and  then  to  analyze  only  those  pressure  fluctuations  caused  by  the  shock  motion,  a  conditional 
analysis  algorithm  was  applied  to  the  pressure-time  histories.  The  results  obtained  from 
conditionally  analyzing  the  pressure  fluctuation  measurements  made  across  the  intermittent 
region  of  PIBLS  flowfields  are  the  subject  of  this  paper. 

The  conditional  analysis  algorithm  employed  was  the  two-threshold  method  box-car 
conversion  technique  (TTMBCC)  that  has  been  developed  by  Dolling  and  colleagues. The 
TTMBCC  algorithm  has  been  used  to  successfully  calculate  the  unsteady  characteristics  of  the 
separation  shock  wave  motion  in  several  shock  wave-turbulent  boundary  layer  interaction 
(SWBLI)  flowfields  produced  by  solid  protuberances.  Specifically,  the  zero-crossing  frequency 
distributions  across  the  intermittent  region  and  the  probability  density  function  (PDF)  estimates 
of  the  periods,  frequencies,  and  velocities  of  the  shock  wave  motions  across  the  intermittent 
region  have  been  calculated  from  pressure  fluctuation  measurements  made  in  flowfields 
produced  by  compression  ramps, circular  cylinders,*  and  hemicylindrical  blunt  fins.^-^o 

These  studies  have  shown  that  the  zero-crossing  frequency,  f^,  (i.e.,  the  average  number 
of  times  per  second  that  the  shock  wave  unidirectionally  crosses  a  pressure  transducer)  along  the 
line  of  symmetry  upstream  of  the  cylinders  and  fins  appeared  to  be  distributed  parabolically  over 
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the  length  of  the  intermittent  region  and  reached  a  maximum  value  near  an  intermittency  of  50%. 
For  the  circular  cylinders,®  fc,max  ranged  between  0.9  kHz  and  1.6  kHz,  depending  upon  the 
incoming  boundary  layer  thickness  and  the  cylinder  diameter.  The  trends  exhibited  by  f  c,max 
various  cylinder  diameters  and  boundary  layer  thicknesses  were  the  same  trends  displayed  by  the 
dominant  center  frequency  in  the  power  spectral  density  (PSD)  estimates.  For  the  swept 
hemicylindrical  blunt  fin  experiments,^  fc,max  ranged  from  1.2  kHz  to  2.2  kHz  as  the  leading 
edge  sweep  angle  increased  from  0°  to  45®.  A  PDF  estimate  of  the  shock  wave  periods  at  each 
location  across  the  intermittent  region  showed  that  all  the  distributions  of  shock  wave  periods 
were  strongly  skewed  toward  shorter  periods.  The  most  probable  period,  which  occurred 
somewhere  over  the  0.2-0.5  ms  range,  depending  upon  the  intermittency,  was  always  less  than 
the  mean  period  for  each  distribution.  Similarly,  PDF  estimates  of  the  shock  wave  frequencies 
have  shown  that,  although  frequencies  as  high  as  10  kHz  exist  in  the  distributions,  the  most 
probable  shock  wave  frequencies  were  in  the  1-2  kHz  range.® 

From  the  ensembles  of  shock  wave  velocities  calculated  with  the  TTMBCC  algorithm 
applied  to  swept  hemicylindrical  blunt  fin,  sharp  fin,  and  swept  compression  ramp  interactions, 
the  mean  and  rms  of  the  shock  wave  velocities,  when  nondimensionalized  by  the  freestream 
velocity,  were  found  to  be  independent  of  the  geometry  that  produced  the  interaction  and 
independent  of  the  intermittent  region  length,  This  result  explained  the  inverse  relationship 
between  the  length  of  the  intermittent  region  and  the  zero-crossing  frequency  which  was 
observed  in  several  experiments.  The  average  mean  and  rms  of  the  shock  wave  velocities  for 
these  interactions  were  calculated  to  be  0.0304U^  and  0.0055Uo.,  respectively,  in  the  upstream 
direction  and  0.0310U«,  and  0.0056U..,  respectively,  in  the  downstream  direction,  where  U«  is 
the  freestream  velocity  approaching  the  fin  or  ramp. 

The  investigations  mentioned  above  have  shown  that  conditional  analysis  of  pressure¬ 
time  histories  obtained  from  SWBLIs  produced  by  solid  protuberances  has  been  beneficial 
primarily  in  determining  the  unsteady  characteristics  of  the  separation  shock  wave  motions.  By 
applying  both  standard  time-series  analysis  and  conditional  analysis  techniques  to  the  pressure- 
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time  histories  obtained  from  SWBLIs,  a  more  complete  picture  of  the  shock  wave  motion  was 
obtained  for  solid  boundary  protuberances.  By  applying  both  analysis  techniques  in  the  present 
PIBLS  flowfield  study,  a  more  complete  picture  of  the  shock  wave  motion  is  also  obtained  for 
separation  caused  by  a  compliant  aerodynamic  boundary.  The  time-series  results  for  the  PIBLS 
flow  have  previously  been  presented  in  Ref.  2;  the  conditional  analysis  measurements  are 
presented  and  discussed  below. 

EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 
Wind  Tunnel  Facility 

The  experiments  were  conducted  in  a  supersonic  flow  facility  designed  specifically  to 
produce  PIBLS  flowfields.  Figure  1  presents  a  schematic  of  the  flow  facility  and  a  cross- 
sectional  view  of  the  test  section.  Plume-induced  boundary  layer  separation  of  the  upper  M  =  2.5 
stream  is  caused  by  impinging  it  at  a  40  deg  angle,  across  a  12.7  mm  base  height,  with  the  lower 
M  =  1.5  stream.  The  test  section  is  two-dimensional  with  a  constant  width  of  50.8  mm.  The 
height  of  the  M  =  2.5  stream  is  also  50.8  mm.  Glass  window  assemblies  are  installed  in  each 
sidewall,  allowing  optical  access  to  the  entire  PIBLS  flow  interaction. 

Filtered,  dry  air  was  supplied  to  the  test  section  via  two  screw  compressors  and  air 
storage  tanks.  Row  conditioning  screens  and  honeycomb  sections  were  installed  in  the  supply 
lines  of  both  streams.  In  addition,  the  lower  stream  could  be  throttled  using  a  manual  valve. 
Varying  the  lower  stream  stagnation  pressure  in  this  way  was  used  to  adjust  the  jet  static  pressure 
ratio  (JSPR  =  Piower/Pupper)  between  the  two  streams  and,  therefore,  the  mean  separation  location 
of  the  boundary  layer  of  the  upper  stream. 

Figure  2  is  a  shadowgraph  photo  of  the  PIBLS  flowfield  taken  at  JSPR  =  2.35.  Plume- 
induced  separation  of  the  upper  stream’s  boundary  layer  and  the  separation  shock  wave  are 
clearly  visible.  When  the  shadowgraph  light  source  was  operated  continuously,  the  separation 
shock  was  observed  to  experience  unsteady  streamwise  motions  at  all  JSPRs  considered.  Also 
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visible  in  Figure  2  are  the  separated  shear  layers  from  both  streams,  the  enclosed  recirculation 
region,  the  recompression  waves  near  the  shear  layer  reattachment  point,  and  the  trailing  wake. 

Instrumentation 

Wall  pressure  fluctuations  in  the  neighborhood  of  the  separation  location  were  measured 
with  two  Kulite  piezoresistive  pressure  transducers  flush-mounted  in  the  upper  wall  of  the  center 
partition  (Figure  1).  The  upstream  and  downstream  transducers  were  located  19.1  mm  and 
16.5  mm  upstream  of  the  base,  respectively,  on  the  spanwise  center  plane  of  the  test  section.  The 
transducer  diaphragms  had  an  active  diameter  of  0.71  mm  and  measured  diaphragm  natural 
frequencies  of  168  and  198  kHz  for  the  upstream  and  downstream  transducers,  respectively.  The 
transducers  were  statically  calibrated  in  situ  using  a  Sensotec  digital  pressure  gage  that  is 
accurate  to  within  ±103  Pa.  Amplification  of  the  analog  voltage  signal  from  the  transducers  was 
carried  out  with  a  Measurements  Group  signal  conditioning  amplifier.  Low-pass  filtering  of  the 
amplified  signals  was  performed  with  an  active  Butterworth  filter  circuit.  The  gain  and  DC 
offset  of  each  channel  were  adjusted  before  each  calibration  to  maximize  the  signal-to-noise  ratio 
(SNR)  of  the  output  signal.  The  resulting  SNRs  for  the  fluctuating  pressure  measurements  were 
in  the  range  of  15  to  20  for  the  incoming  boundary  layer  and  from  55  to  300  for  the  intermittent 
region. 

Data  Acquisition 

In  these  experiments  the  two  Kulite  pressure  transducers  were  mounted  at  fixed  positions 
on  the  center  partition.  As  a  result,  the  shock  wave  intermittent  region  was  moved  across  the 
transducer  locations  by  varying  the  JSPR.  Specifically,  the  shock  wave  intermittency  (fraction  of 
time  the  shock  is  upstream  of  a  transducer)  was  increased  by  increasing  the  lower  jet  stagnation 
pressure,  and  therefore  the  JSPR,  from  210  kPa  to  269  kPa  in  increments  of  approximately 
3.4  kPa. 
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Both  individually  and  simultaneously  sampled  pressure  measurements  were  obtained  at 
each  JSPR.  The  individually  sampled  measurements  were  made  at  a  rate  of 
166,667  samples/second  for  24  seconds  for  each  transducer.  The  simultaneously  sampled 
transducer  readings  were  obtained  at  200,000  samples/second  per  channel  for  20  seconds. 

Further  details  concerning  the  flow  facility,  instrumentation,  and  data  acquisition 
methods  can  be  found  in  Refs.  1  and  2. 

ANALYSIS  TECHNIQUE 

The  updated  version^  of  the  two- threshold  method  box-car  conversion  (TTMBCC) 
algorithm,  developed  by  Dolling  and  colleagues,  was  used  in  the  analysis  of  the  shock  motion  of 
the  PIBLS  flowfield.  In  this  method  each  individual  pressure  measurement  from  a  given 
transducer  is  compared  to  two  threshold  levels,  Thi  and  Th2,  and  the  instantaneous  shock 
location  is  then  determined  as  either  upstream  or  downstream  of  the  transducer.  The  precise  time 
at  which  the  shock  crosses  upstream  of  the  transducer,  called  the  rise  time,  and  downstream  of 
the  transducer,  called  the  fall  time,  is  determined  for  all  shock  passages  in  the  time  history  of  the 
pressure  measurements.  The  resulting  record  of  the  shock  rise  and  fall  times  is  called  the  box-car 
function. 

An  analysis  of  the  TTMBCC  algorithm  was  performed  with  the  PIBLS  data  in  order  to 
evaluate  the  sensitivity  of  the  zero-crossing  frequency  f^  to  different  threshold  settings.  Two 
discrete  settings  of  Thi  were  used  in  the  sensitivity  analysis:  Thi=pwo  and 
Thi  =  Pwo  -I-  ,  where  p^o  is  the  mean  pressure  and  is  the  rms  of  the  pressure 

fluctuations  in  the  incoming  boundary  layer.  For  each  of  the  two  Thj  settings,  threshold  level 
Th2  was  systematically  varied  according  to  Th2  =  Pwo  +  ^  integer  in  the 

range  3  ^  n  <  9.  For  each  of  two  pressure-time  histories  ( y  *  20%  and  y  *  50%),  the  TTMBCC 
algorithm  was  used  to  calculate  f^.  at  each  of  the  fourteen  unique  combinations  of  Thj  and  Th2. 
The  results  are  shown  in  Figure  3.  Three  main  observations  can  be  made  about  the  sensitivity  of 
fc  to  the  two  threshold  levels:  (1)  fg  decreased  as  threshold  level  Th2  increased  (larger  n 
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values)  at  both  intermittencies  regardless  of  the  setting  for  Thj;  (2)  f^  was  larger  for 
Thi  =  Pwo  +  3^Pwo  ~  Pwo  intermittencies  regardless  of  the  setting  for  Th2; 

and  (3)  f^  was  more  sensitive  to  the  threshold  level  settings  at  y  ®  50%  than  at  y  =  20%.  The 
first  two  observations  are  obvious  from  Figure  3,  but  the  last  one  required  a  separate,  quantitative 
study, ^  whose  results  are  not  shown  here  for  conciseness.  Since  the  sensitivity  analysis 
performed  on  the  PIBLS  data  showed  similar,  albeit  weaker,  qualitative  trends  when  compared  to 
the  sensitivity  analysis  performed  on  the  Mach  5  circular  cylinder  interaction  data,^  it  was 
concluded  that  threshold  level  settings  of  Thi  =  p^^  +  3ap^^  and  Th2  =  Pwo  + 
reasonable  choices  for  conditional  analysis  of  the  PIBLS  data. 


RESULTS 

After  specifying  the  flow  conditions  for  the  experiments,  results  from  the  pressure 
transducer  measurements  will  be  presented  in  two  parts:  individually  sampled  transducer 
measurements  and  simultaneously  sampled  transducer  measmements.  The  individually  sampled 
results  were  used  to  calculate  period  and  frequency  ensembles  of  the  shock  wave  motion,  and  the 
simultaneously  sampled  data  were  used  to  calculate  velocity  ensembles  of  the  shock  motion. 

Flow  Conditions 

The  stagnation  temperature  of  both  streams  was  measured  with  an  iron-constantan 
thermocouple  mounted  in  the  facility  plenum  chamber  and  was  found  to  be  298  K  (±1.5  K).  The 
stagnation  pressure  of  each  stream  was  measured  with  a  probe  mounted  upstream  of  each  nozzle 
block.  The  stagnation  pressure  of  the  upper  stream  was  503  kPa  (±1.5  kPa)  and  its  unit  Reynolds 
number  was  47.1  x  10^  m'^  (±0.5  x  10^  m'^).  The  Mach  number  of  this  freestream  was 
determined  from  the  stagnation  pressure  measurement  and  mean  static  pressure  measurements 
made  using  taps  located  in  the  center  partition  and  was  found  to  2.50  (±0.01).  The  Mach  number 
of  the  lower  jet  was  determined  in  a  similar  manner  to  be  1.51  (±0.01). 
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Velocity  measurements  were  made  in  the  upper  stream  along  a  vertical  traverse  30  mm 
upstream  of  the  base  using  a  one-component  laser  Doppler  velocimeter  (LDV)  setup.  The 
freestream  turbulence  intensity  was  found  to  be  less  than  0.015  (±0.0015)  across  the  uniform 
portion  of  the  mean  profile.  A  wall-wake  velocity  profile  of  the  form  suggested  by  Sun  and 
Childs  was  curve-fit  to  the  mean  velocity  measurements  made  in  the  boundary  layer,  and  from 
this  fit  the  integral  boundary  layer  parameters  were  determined  (Table  1).  These  parameters 
agree  well  with  those  of  other  equilibrium  turbulent  boundary  layers  reported  in  the  literature  ^2-16 
for  comparable  Reynolds  and  Mach  numbers. 


Individually  Sampled  Pressure  Transducer  Measurements 

Although  the  JSPR  was  the  independent  variable  in  the  experiments,  some  results  will  be 
presented  as  a  function  of  intermittency  rather  than  JSPR.  As  mentioned  earlier,  intermittency, 
y,  is  defined  as  the  percentage  of  time  the  shock  wave  is  upstream  of  a  given  pressure  transducer 


and  is  calculated  from 


N 

5^(Fallfc-Risek) 


kEi _ 

Fallj.j  -  Risej 


(1) 


where  Fallj^  is  the  fall  time  associated  with  the  k-th  downstream  shock  wave  crossing,  Riscj^  is 
the  rise  time  associated  with  the  k-th  upstream  shock  crossing,  and  N  is  the  total  number  of  fall 
times  detected  in  the  pressure-time  history.  A  plot  of  intermittency  versus  JSPR  over  the 
intermittent  region  is  shown  in  Figure  4  for  both  the  upstream  and  downstream  transducers.  For 
the  downstream  transducer  measurements,  the  JSPR  range  from  1.95  to  2.41  spanned  the 
intermittency  range  from  y  =  3.9%  to  y  =  96.2%.  Similarly,  the  upstream  transducer 
measurements  spanned  the  intermittent  region  from  y  =  3.8%  to  y  =  98.3%  over  a  range  of 
JSPR  from  2.05  to  2.49. 
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Periods  of  the  Shock  Wave  Motion 

The  period  of  the  i-th  shock  wave  event,  Tj ,  in  the  box-car  function  can  be  calculated  as 
the  difference  between  two  consecutive  rise  times  (Tj  =Risei+i -Risej)  or  the  difference 
between  two  consecutive  fall  times  (Tj  =  Fallj+j  -Fallj).  For  both  cases,  statistical  techniques 
can  be  applied  to  the  ensemble  of  periods  calculated  from  the  box-car  function  to  obtain  the 
mean  value,  T^,  and  the  PDF  of  the  ensemble.  The  distribution  of  mean  periods  over  the 
intermittent  region  is  shown  in  Figure  5  for  the  upstream  and  downstream  pressure  transducer 
measurements.  At  every  discrete  intermittency  at  which  experimental  measurements  were 
acquired,  the  mean  period  calculated  from  the  rise  times  was  equal  (to  three  significant  figures) 
to  the  mean  period  calculated  from  the  fall  times.  As  shown  in  the  figure,  the  mean  periods 
computed  from  the  upstream  pressure  transducer  measurements  also  collapse  on  those 
determined  from  the  downstream  transducer  measurements  when  the  data  are  plotted  versus 
intermittency.  Although  the  mean  period  reached  relatively  large  values  at  both  low  and  high 
intermittencies,  the  value  of  the  mean  period  decreased  rapidly  and  was  relatively  constant  as  the 
midrange  of  intermittencies  (20%  <  y  <  80%)  was  approached  from  both  the  low  and  high 
ranges.  The  distribution  of  mean  periods  reached  a  minimum  value  at  y  «  60%  where  the  mean 
period  was  in  the  range  of  1.74  to  1.78  ms. 

The  PDF  estimates  of  the  shock  wave  periods  were  also  computed  across  the  intermittent 
region  using  both  rise  times  and  fall  times.  At  each  location  over  the  intermittent  region,  the 
PDF  estimate  of  the  shock  wave  periods  computed  using  rise  times  was  essentially  identical  in 
shape  and  magnitude  to  that  computed  using  fall  times.  This  was  the  case  for  the  upstream 
pressure  transducer  measurements  as  well  as  for  the  downstream  transducer  measurements. 
Since  the  evolution  (in  terms  of  the  shape  and  magnitude)  of  these  PDF  estimates  over  the 
intermittent  region  was  similar  for  both  transducers,  only  the  PDF  estimates  of  the  shock  wave 
periods  computed  using  the  rise  times  from  the  downstream  transducer  measurements  are  shown 
in  Figure  6.  The  PDF  estimates  of  the  shock  wave  periods  computed  at  five  important  locations 
over  the  intermittent  region  are  shown  in  this  figure.  Each  of  the  PDF  estimates  is  plotted  in 
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terms  of  Ni/(N,otai*W)  versus  the  shock  wave  period,  where  Nj  is  the  number  of  shock  wave 
periods  occurring  with  a  value  of  Tj,  is  the  total  number  of  shock  wave  period  realizations 
in  the  box-car  function,  and  W  is  the  interval  width  of  the  PDF  estimate  centered  at  Tj 
(W  =  36  |is) .  The  mean  period  of  each  ensemble  is  also  shown  (with  a  solid  black  triangle)  in 
each  plot  of  Figure  6. 

The  behavior  of  the  PDF  estimates  of  the  shock  wave  periods  was  similar  over  the  entire 
intermittent  region  of  the  PIBLS  flowfields.  For  each  intermittency,  the  PDF  quickly  reached  a 
maximum  value  at  approximately  0.4  ms  and  then  slowly  decayed  back  to  zero  over  the  next  10 
to  20  ms,  depending  upon  the  intermittency.  Over  the  low  (e.g.,  y  =  3.9%)  and  high  (e.g., 
Y  =  96.2%)  intermittency  ranges,  a  number  of  shock  wave  events  had  periods  longer  than  10  ms, 
as  evidenced  by  the  fact  that  the  amplitude  of  the  PDF  was  not  zero  at  10  ms.  Over  the  midrange 
of  the  intermittent  region  (20%  <  y  <  80%) ,  nearly  all  of  the  individual  shock  wave  periods  were 
less  than  10  ms.  This  trend  explained  the  behavior  of  the  mean  period  over  the  intermittent 
region.  For  the  low  and  high  intermittencies,  the  number  of  shock  wave  events  with  periods 
longer  than  10  ms  was  sufficient  to  significantly  increase  the  mean  period  to  values  well  above 
(at  least  two  or  three  times  larger)  those  found  over  the  midrange  of  the  interaiittent  region. 

Frequencies  of  the  Shock  Wave  Motion 

The  firequency  of  the  i-th  shock  wave  event,  fj,  in  the  box-car  function  is  simply  the 
inverse  of  the  period  of  the  i-th  shock  wave  event,  fj  =  1/Tj ,  and  can  be  calculated  from  two 
consecutive  rise  times  (fj  =  {Rise ^^.1  — Rise j]~^)  or  from  two  consecutive  fall  times  (fj  = 
-FallJ  ^).  For  both  cases,  statistical  techniques  can  be  applied  to  the  ensemble  of 
frequencies  calculated  from  the  box-car  function  to  obtain  the  mean  value,  f,„,  and  the  PDF  of 
the  ensemble.  The  distribution  of  mean  frequencies  over  the  intermittent  region  is  shown  in 
Figure  7  and  was  calculated  using  the  rise  times  from  the  upstream  and  downstream  transducer 
measurements.  The  mean  frequency  calculated  from  the  rise  times  was  slightly  larger  than  that 
calculated  from  the  fall  times  at  every  measurement  location  over  the  intermittent  region  and  for 


10 


both  the  upstream  and  downstream  transducer  measurements.  Thus,  the  mean  frequency  was 
more  sensitive  than  the  mean  period  to  temporal  differences  between  the  rise  times  and  the  fall 
times.  From  Figure  7,  it  is  seen  that  the  mean  frequencies  calculated  using  the  upstream 
transducer  measurements  collapse  on  those  calculated  from  the  downstream  transducer 
measurements  when  the  frequency  data  are  plotted  versus  intermittency.  The  mean  frequencies 
ranged  between  1300  -  1400  Hz  over  the  intermittent  region  from  20%  to  50%  and  between 
1400  -  1500  Hz  over  the  intermittent  region  from  50%  to  80%. 

PDF  estimates  of  the  shock  wave  frequencies  were  made  at  each  measurement  location 
across  the  intermittent  region  using  both  rise  times  and  fall  times.  At  each  location,  the  PDF 
computed  using  rise  times  was  nearly  identical  in  shape  and  magnitude  to  that  computed  using 
fall  times.  This  was  true  for  the  upstream  transducer  measurements  as  well  as  for  the 
downstream  transducer  measurements.  Since  the  evolution  of  the  PDF  estimates  of  the  shock 
wave  frequencies  over  the  intermittent  region  was  similar  for  both  transducers,  only  the  PDFs  of 
the  shock  wave  frequencies  computed  using  rise  times  from  the  downstream  transducer 
measurements  are  shown  in  Figure  8. 

The  PDF  estimates  of  the  shock  wave  frequencies  computed  at  the  same  five  locations 
over  the  intermittent  region  as  the  shock  wave  period  PDFs  (shown  earlier  in  Figure  6)  are 
presented  in  Figure  8.  Since  the  interval  width  of  each  PDF  estimate,  Wj. ,  was  variable  over  the 
frequency  spectrum,  each  PDF  estimate  was  reported  as  a  simple  histogram  in  order  to  eliminate 
the  bias  caused  by  Wf .  on  the  magnitude  of  the  PDF  estimate.  Each  PDF  is  plotted  as  Nj/N^tal 
versus  the  shock  wave  frequency,  where  N;  is  the  number  of  shock  wave  frequency  realizations 
occurring  with  a  value  of  fj  and  is  the  total  number  of  shock  wave  frequency  realizations 
in  the  box-car  function.  The  mean  frequency  of  each  ensemble  is  also  shown  (with  a  solid  black 
triangle)  in  each  plot  of  Figure  8.  The  behavior  of  the  shock  wave  frequency  PDFs  was  similar 
at  all  five  locations  over  the  intermittent  region.  The  amplitude  of  the  PDF  increased 
substantially  over  the  frequency  range  between  100  Hz  and  1  kHz,  reached  a  most  probable  value 
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between  1  kHz  and  4  kHz,  and  then  decreased  back  to  zero  again  near  20  kHz.  The  mean 
frequency  of  each  ensemble  was  less  than  the  most  probable  frequency. 

Since  the  frequencies  in  each  PDF  estimate  were  narrowly  spaced  over  the  low  frequency 

range  and  widely  spaced  over  the  high  frequency  range,  a  probability  distribution  function 

estimate  was  calculated  for  each  PDF  in  order  to  better  interpret  the  evolution  of  the  PDFs  over 

the  intermittent  region.  When  the  PDF  is  defined  as  a  simple  histogram,  the  probability 

distribution  function  is  the  running  sum  of  the  PDF  over  the  frequency  range.  For  each  PDF 

estimate  shown  in  Figure  8,  a  probability  distribution  function  estimate  was  computed  from 
i 

Pj  =  ^Nj/N^otaj ,  where  Pj  is  the  probability  distribution  function  corresponding  to  fj.  The 
probaibility  distribution  function  estimates  of  the  shock  wave  frequencies  are  shown  in  Figure  9. 
The  relative  number  of  frequency  realizations  that  occurred  between  50  Hz  and  1  kHz  decreased 
while  the  relative  number  of  frequency  realizations  that  occurred  between  1  kHz  and  10  kHz 
increased  as  the  y  =  70%  location  was  approached  from  both  the  low  and  high  intermittency 
ranges.  Therefore,  the  individual  frequency  realizations  in  the  ensembles  occurred  at  higher 
frequencies  as  the  y  =  70%  location  was  approached.  This  trend  explained  why  the  mean 
frequency  increased  as  the  y  =  70%  location  was  approached  from  the  low  and  high 
intermittency  ranges. 

It  is  interesting  to  compare  the  PSD  estimates  of  the  pressure  fluctuations  computed  from 
the  pressure-time  histories  over  the  intermittent  region  ^  to  the  probability  density  function  and 
probability  distribution  function  estimates  computed  from  the  ensembles  of  shock  wave 
frequencies.  The  PSD  estimates  showed  that  50%  to  60%  of  the  energy  in  the  pressure 
fluctuations  occurred  between  approximately  50  Hz  and  1  kHz.  The  probability  distribution 
function  estimates  of  the  shock  wave  frequencies  showed  that  50%  to  60%  of  the  shock  wave 
events  occurred  over  this  same  frequency  range.  Thus,  more  than  half  of  the  shock  wave  events, 
which  contained  more  than  half  of  the  energy  in  the  power  spectmm,  occurred  at  frequencies  in 
this  range.  The  PSD  estimates  showed  that  the  energy  in  the  pressure  fluctuations  dropped  off 
significantly  at  frequencies  higher  than  1  kHz.  While  only  15%  to  30%  of  the  energy  in  the  PSD 
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estimates  was  contributed  by  pressure  fluctuations  in  the  frequency  range  between  1  kHz  and 
10  kHz,  40%  to  50%  of  all  the  shock  wave  frequencies  occurred  in  this  range,  including  the  most 
probable  shock  wave  frequencies.  Therefore,  the  most  probable  shock  wave  firequencies  (in  the 
1  kHz  to  4  kHz  range)  were  not  the  most  energetic  frequencies  (usually  below  1  kHz). 

The  mean  frequency  over  the  intermittent  region  is  not  the  only  frequency  that  can  be 
calculated  for  the  shock  wave  motion.  The  zero-crossing  frequency  of  the  shock  wave  motion, 
computed  as  the  inverse  of  the  mean  period,  is  also  of  interest.  The  distribution  of  the  zero¬ 
crossing  frequency  over  the  intermittent  region  is  shown  in  Figure  10  for  both  the  upstream  and 
downstream  pressure  transducer  measurements.  The  zero-crossing  frequency  distribution  for  the 
downstream  transducer  measurements  reached  a  maximum  of  560  Hz  at  y  «  60%.  The  zero¬ 
crossing  frequency  distribution  for  the  upstream  pressure  transducer  measurements  displayed  an 
unusual  50  Hz  shift  near  y  *  50%  which  was  caused  by  a  leak  in  the  sidewall  seal  during  the 
latter  phases  of  the  experiments.  ^  Had  the  rupture  not  occurred,  the  upstream  pressure  transducer 
measurements  would  have  reached  a  maximum  of  about  520  Hz  at  y  »  60%.  Note  that  the 
maximum  zero-crossing  frequency  computed  from  the  downstream  pressure  transducer 
measurements  was  larger  than  that  computed  from  the  upstream  pressure  transducer 
measurements.  The  physical  reason  for  this  will  become  clear  after  discussing  the  shock  wave 
velocity  distributions  in  the  next  section. 

Simultaneously  Sampled  Pressure  Transducer  Measurements 

Since  the  cross-correlation  estimates  computed  for  each  pair  of  pressure-time  histories 
acquired  across  the  intermittent  region  did  not  detect  the  convection  times  corresponding  to  the 
shock  wave  motion  in  the  upstream  and  downstream  directions,!’^  the  convection  time  associated 
with  each  pair  of  shock  wave  crossings  was  computed  from  the  conditional  analysis  of  each  pair 
of  pressure-time  histories.  The  TTMBCC  algorithm  was  used  to  convert  each  pair  of  pressure¬ 
time  histories  into  a  pair  of  box-car  functions.  An  ensemble  of  convection  times  for  the  shock 
wave  motion  in  the  upstream  direction  and  an  ensemble  of  convection  times  for  motion  in  the 
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downstream  direction  were  formed  at  each  JSPR  by  analyzing  all  the  pairs  of  shock  wave 
crossings  in  the  two  box-car  functions.*  Assuming  the  shock  wave  moves  with  uniform  speed 
and  direction  between  the  two  pressure  transducers,  the  velocities  of  the  shock  wave  motion  in 
the  upstream  and  downstream  directions  were  computed  from  the  convection  times  between  the 
two  transducers  and  the  transducer  spacing. 

The  PDF  estimates  of  the  shock  wave  velocities  in  the  upstream  and  downstream 
directions  computed  at  five  discrete  locations  over  the  intermittent  region  are  shown  in  Figures 
11  and  12,  respectively.  Each  of  the  PDFs  is  plotted  as  Nj/N,otai  versus  Ughock/U*.  where  Nj 
is  the  number  of  shock  wave  velocity  realizations  at  velocity  UghockJ  is  the  total  number  of 
realizations  (in  either  direction)  in  each  pair  of  box-car  functions;  and  U„  is  the  freestream 
velocity  of  the  Mach  2.5  flow  (565  m/s).  While  the  behavior  of  the  PDF  estimates  of  the  shock 
velocities  in  the  upstream  and  downstream  directions  was  similar  over  the  intermittent  region,  the 
PDFs  of  the  upstream  shock  velocity  were  less  peaked  and  had  a  wider  distribution  than  did 
those  of  the  downstream  shock  velocity.  As  Ughoci^/U*.  increased,  the  PDF  estimates  quickly 
reached  a  maximum  value  over  the  velocity  range  of  0.04U„  —  0.08U,.  and  then  slowly  decayed 
back  to  zero  again  by  the  time  the  shock  wave  velocity  reached  0.30U«. 

The  most  probable  shock  wave  velocity  in  both  the  upstream  and  downstream  directions 
was  computed  at  14  locations  across  the  intermittent  region  and  is  shown  in  Figure  13.  The  most 
probable  shock  wave  velocity  in  either  direction  was  essentially  constant  over  the  intermittent 
region.  The  average  value  of  the  most  probable  shock  wave  velocities  was  0.058U,„  ±  0.010U„o 
in  the  upstream  direction  and  0.060U^  ±0.009U«  in  the  downstream  direction  and,  thus,  was 
essentially  the  same  in  the  two  directions. 

The  mean  shock  wave  velocity  in  both  the  upstream  and  downstream  directions  was  also 
computed  at  14  locations  across  the  intermittent  region  and  is  shown  in  Figure  14.  The  mean 
shock  wave  velocity  in  either  direction  was  fairly  constant  across  the  intermittent  region.  The 
average  value  of  the  mean  shock  wave  velocity  was  0.035U„„  ±0.004U„,  in  the  upstream 
direction  and  0.034U„o  ±0.006U„  in  the  downstream  direction.  Figure  14  shows  that  the  mean 
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shock  wave  velocity  in  the  upstream  direction  was  consistently  slightly  greater  than  the  mean 
shock  wave  velocity  in  the  downstream  direction  over  most  of  the  intermittent  region.  After  a 
close  examination  of  the  threshold  levels  used  in  the  TTMBCC  algorithm  to  compute  the  shock 
wave  velocities,  the  small  differences  between  the  mean  shock  wave  velocities  in  the  two 
directions  that  developed  over  the  intermittent  region  was  believed  not  to  be  an  artifact  of  the 
conditional  analysis  technique,  but  rather  was  most  likely  caused  by  the  physics  of  the  shock 
wave  motion.  The  trend  of  the  mean  shock  wave  velocity  in  the  upstream  direction  being 
increasingly  greater  than  the  mean  shock  wave  velocity  in  the  downstream  direction  as  the  JSPR 
(and  intermittency)  increased  was  consistent  with  the  trend  observed  in  the  PDF  estimates  of  the 
shock  wave  velocities  in  the  upstream  and  downstream  directions.  As  the  JSPR  increased  from 
1.95  to  2.41  (y  =  3.9%  to  y  =  96.2%),  more  shock  wave  velocity  realizations  with  a  magnitude 
larger  than  the  most  probable  value  occurred  in  the  upstream  direction  than  in  the  downstream 
direction. 

The  conditional  analysis  of  the  two  simultaneously  sampled  pressure  transducer 
measurements  revealed  that  the  average  mean  shock  wave  velocity  in  either  direction  was 
approximately  0.034U.„  -O.OSSUo^  and  the  mean  shock  wave  velocity  was  independent  of  the 
intermittent  region  length.  This  explains  why,  for  the  same  intermittency  value,  the  zero¬ 
crossing  frequency  calculated  from  the  pressure-time  history  acquired  with  the  upstream  pressure 
transducer  was  always  less  than  the  zero-crossing  frequency  calculated  from  the  downstream 
transducer  measurements.  The  length  of  the  intermittent  region  increased  from  2.65,,  -  3.05^  to 
5.45o  -  5.55o  (where  is  the  incoming  boundary  layer  thickness)  as  the  JSPR  increased  from 
1.95  to  2.49.*  For  both  pressure  transducers  to  have  the  same  intermittency  value,  the  JSPR 
setting  used  for  the  upstream  pressure  transducer  measurements  was  higher  than  that  for  the 
downstream  transducer  measurements.  As  a  result,  the  intermittent  region  length  associated  with 
the  upstream  pressure  transducer  flowfield  is  longer  than  that  for  the  downstream  transducer 
measurement  flowfield.  Consequently,  since  the  mean  shock  wave  velocity  is  constant  across 
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the  intermittent  region,  the  zero-crossing  frequency  must  be  less  for  the  upstream  pressure 
transducer  measurements  than  for  the  downstream  transducer  measurements. 

DISCUSSION  AND  CONCLUSIONS 

While  the  zero-crossing  frequency  and  the  mean  frequency  of  the  shock  wave  motion  in 
the  current  PIBLS  flowfields  were  less  than  the  frequencies  found  in  other  SWBLIs  produced  by 
solid  protuberances,^'^®  the  velocity  characteristics  of  the  shock  wave  motion  were  similar  to  the 
velocity  characteristics  of  the  shock  wave  motion  in  solid  protruberance  SWBLI  flowfields. 
These  similarities  included  the  general  shape  of  the  PDF  estimates  of  the  shock  wave  velocities, 
which  were  highly  skewed  toward  low-speed  realizations  relative  to  the  freestream  velocity,  the 
most  probable  shock  velocities  of  approximately  0.05U«, -0.10U,„,  and  average  mean  shock 
velocities  of  approximately  0.03U„o.  Although  all  these  similarities  are  undoubtedly  important, 
the  latter  similarity  is  especially  noteworthy.  Gonsalez  and  Dolling^®  found  that  the  average 
mean  shock  wave  velocities  in  either  direction  were  approximately  0.030U«  —  0.031U«  and 
were  independent  of  the  intermittent  region  length  for  swept  compression  ramp  interactions, 
hemicylindrical  blunt  fin  interactions,  and  sharp  fin  interactions  at  angles  of  attack.  The  current 
PIBLS  study  found  that  the  average  mean  shock  wave  velocity  in  either  direction  was 
approximately  0.034U„,  —  0.035U,«  and  that  it  was  independent  of  the  intermittent  region 
length.  Thus,  the  average  mean  shock  wave  velocities  from  the  plume-induced  interactions  were 
essentially  the  same  as  the  average  mean  shock  wave  velocities  from  the  interactions  produced 
by  the  three  solid  geometries. 

While  there  were  many  similarities  between  the  velocity  characteristics  of  the  shock  wave 
motion  in  the  PIBLS  flowfields  and  those  in  SWBLI  flowfields  produced  by  solid  geometries,  a 
difference  found  between  the  two  types  of  interactions  was  that  the  upstream  mean  shock 
velocities  were  greater  than  the  downstream  mean  shock  velocities  in  the  plume-induced 
interactions,  whereas  just  the  opposite  situation  was  found  in  the  solid  geometry  interactions.^'^® 
A  definitive  explanation  of  this  result  must  await  further  study. 
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Table  1. 


Incoming  turbulent  boundary  layer  properties  in  the  upper  stream. 


Property 

Value 

boundary  layer  thickness*  5 

3.1  mm 

boundary  layer 
displacement  thickness.  S'" 

0.91  mm 

boundary  layer 
momentum  thickness,  6 

0.25  mm 

boundary  layer  shape  factor, 

H  =  879 

3.71 

wake  strength  parameter,  n 

1.58 

skin  friction  coefficient,  Cf 

0.00131 

friction  velocity,  u^ 

20.6  m/s 

Figure  2.  Shadowgraph  photo  (flashlamp  pulse  duration  of  25  ns)  of  the  near- wake  region  in  the  PIBLS  wind  tunnel  at  a  JSPR  of 
approximately  2.35. 
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Figure  3. 


Sensitivity  of  the  zero-crossing  frequency  to  the  threshold  levels  in  the  TTMBCC 
algorithm  for  the  PIBLS  experiments. 
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Figure  4.  Plot  of  intermittency  versus  JSPR  for  the  upstream  and  downstream  pressure 
transducer  measurements. 
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Figure  5. 


Mean  period  of  the  shock  wave  motion  versus  intermittency  across  the 
intermittent  region  of  PIBLS  flowfields. 


,  /  (N....,  *  W),  kHz  N.  /  (N....,  *  W),  kHz  N,  /  (N 


Period  (ms) 

Figure  6.  PDF  estimates  of  the  shock  wave  periods  at  discrete  locations  across  the 
intermittent  region. 
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Figure  7. 


Mean  frequency  of  the  shock  wave  motion  versus  intermittency  across  the 
intermittent  region  of  PIBLS  flowfields. 
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Figure  8.  PDF  estimates  of  the  shock  wave  frequencies  at  discrete  locations  across  the 
intermittent  region. 
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Probability  distribution  function  estimates  of  the  shock  wave  frequencies  at 
discrete  locations  across  the  intermittent  region. 
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Figure  10.  Zero-crossing  frequency  of  the  shock  wave  motion  versus  intermittency  across  the 

intermittent  region  of  PIBLS  flowfields. 
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Figure  12.  PDFs  of  the  shock  wave  velocity  in  the  downstream  direction  across  the 
intermittent  region. 
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Figure  13.  Most  probable  shock  wave  velocity  in  the  upstream  and  downstream  directions 
across  the  intermittent  region. 
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Figure  14,  Mean  shock  wave  velocity  in  the  upstream  and  downstream  directions  across 
intermittent  region. 
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Abstract 

The  near-wake  of  a  circular  cylindo^  aligned 
with  a  unifonn  Mach  15  flow  has  been  e^cperimentally 
investigated  in  a  wind  tunnel  designed  solely  for  this 
purpose.  Mean  static  pressure  measurements  were 
used  to  assess  the  radial  dependence  of  the  base 
pressure  and  the  mean  pressure  field  ^iproaching 
separation.  In  addition,  two-component  la^  Doppler 
velocimeter  (LDV)  measurements  were  obtained 
diroughout  the  near-wake  including  the  large  separated 
region  downstream  of  the  base.  The  primary  objective 
of  the  research  was  to  gain  a  better  understanding  of 
the  complex  fluid  dynamic  processes  found  in 
supersonic  base  flowfields  including  separation,  sh^ 
layer  development,  reattachment  along  the  axis  of 
symmetry,  and  subsequent  development  of  die  wake. 
Results  indicate  rdadvdy  large  reverse  velocities  and 
uniform  turbulence  intensity  levels  in  the  separated 
region.  The  separated  shear  layer  is  characterized  by 
high  turbulence  levels  with  a  strong  peak  in  the  irmer, 
subsonic  region  which  eventually  decays  through 
reattachment  as  the  wake  develops.  A  global 
maximum  in  turbulent  kinetic  energy  and  Reynolds 
shear  stress  is  found  upstream  of  the  reattachment 
point  which  is  in  contrast  to  data  fiom  the  reauachment 
of  a  supersonic  shear  layer  onto  a  solid  wall 

Nomenclature 

Cf  s  skin  friction  coefficient 

s  dimensionless  pressure  coefficient 
H  =  compressible  siuqie  factor,  5*  /  6 

M  =  Mach  number 

k  =  turbuloit  kinetic  energy 

P  =  pressure 

P]^  =  production  of  k 

r  s  radial  coordinate 

R  sbaseradius 

S  =  location  of  reattachment  point 

t  -  tangential  coordinate 

ux  s  friction  velocity 

U  =  mean  axial  velocity 

Vr  -  mean  radial  velocity 

Vt  -  mean  tangential  velocity 

X  =  axial  coordinate 

y  =  vertical  distance,  r-R 

Y  s  ratio  of  specific  heats 
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5  s  boundary  layer  thickness 

5*  a  displacemrat  thickness 

0  a  momentum  thickness 

Vw  B  kinematic  viscosity  at  wall 

n  a  wake  strength  parameter 

o  a  root-mean-square  value 

<>  a  ensemUe-averaged  value 

(  )'  a  fluctuating  value 

Subscrints 

1  a  condition  at  nozzle  exit 

base  acoiditionatbase 
u  a  axial  conqxment 

Vf  a  radial  component 

vt  a  tangential  component 

Tntrodnctinn 

The  low  pressures  that  act  in  the  base  region 
of  bodies  of  revolution  in  supersonic  flight  can  cause 
significant  amounts  of  drag^.  Fbrtiiis  reason,  practical 
methods  such  as  boattailirrg,  base  bleed,  and  base 
burning  have  been  devdoped  in  order  to  increase  the 
base  pressure  on  aerodynamic  vehicles  such  as 
missiles,  rockets,  and  projectiles.  In  order  to  further 
enhance  vehicle  performance,  however,  a  more 
complete  understanding  of  tire  ctmtplex  fluid  dynamic 
processes  that  occur  in  base  flowfields  is  necessary. 
Fast  experimental  efforts  have  provided  an  adequate 
description  of  the  overall  flowfield  structure  and  some 
parametric  trends,  but  very  little  detailed  quantitative 
data  exists,  especially  for  supersonic  flows.  In  fact,  a 
comprehensive  survey  of  the  available  experimental 
data  on  axisymmetric  base  flows  was  recently 
undertaken  by  GARTEUR  Action  Groiqr  AG09^. 
After  an  exhaustive  search,  the  groiq>  conduded  that 
no  accurate,  wdl-documented  experimental  data 
existed  for  Ae  near-wake  flowfield  in  siqrersoruc, 
axisymmetric  flow.  Rdiable  turbulence  infinmation  in 
the  base  region  is  especially  scarce  which  presents  a 
problem  in  validating  numerical  predictions  of  these 
flowfields  (see  Refr.  3-S).  Qeafiy,  the  practical 
importance  of  increasing  the  understanding  of 
axisymmetric  base  flowfields  lies  in  the  ability  to 
someday  control  tire  near-wake  flow  interactions  such 
that  base  drag  can  be  reduced  and  vducle  stability  attd 
control  can  be  enhanced. 

A  schematic  diagram  of  the  mean  flowfidd 
structure  in  the  near-wake  of  a  cylindrical  afterbody 
aligned  widi  a  suposonic  flow  is  shown  in  Fig.  1.  The 
supersonic  aftobody  freestream  flow  undergoes  a 
strong  expansion  centered  at  the  base  comer  as  the 
turbulent  boundary  layer  separates  geometrically  from 
tire  body.  A  free  drear  laya  is  formed  which  sqrarates 


the  outer  inviscid  flow  from  a  relatively  large 
recirculation  region  immediately  downstream  of  the 
base.  The  intense  turbulent  mixing  and  energy 
exchange  that  characterize  the  flee  shear  layer  are 
important  in  determining  the  flowfleld  properties 
throughout  the  near-wake  including  the  recirculation 
region.  As  the  flee  shear  layer  approaches  the  axis  of 
symmetry,  a  tecompression  process  occurs  which 
eventually  realigns  the  flowfleld  with  the  axis.  A  rear 
stagnation  point,  where  the  mean  velocity  vanishes,  is 
located  on  the  centerline  and  separates  the 
recirculation  region  flom  the  wake  which  develops 
downstream. 

The  early  theoretical  model  for  turbulent  base 
flows  develop^  by  Korst^  prompted  several 
experimental  investigations  which  attempted  to  gatiier 
the  enmirical  information  necessary  to  complete  the 
theory'*^®.  However,  many  experimental  problems, 
including  improper  model  mounting,  probe 
interference  effects,  and  lack  of  flowfleld  symmetry, 
hampered  these  efforts  which  resulted  in  data  of 
questionable  accuracy.  These  e:q)erimental  difficulties 
stem  primarily  from  the  axisyrrunetric  geometry  of  the 
body  as  well  as  the  sensitivity  of  the  separated  region 
downstream  of  the  base  to  wind  tutmel  interference 
effects^  1.  Perhaps  the  most  comprehensive  previous 
study  of  supersonic  power-off  base  flows  was 
undertaken  by  Gaviglio  et  al.^^  using  a  hot-wire 
anemometer.  The  overall  inviscid  flow  structure  and 
downstream  wake  properties  were  determined; 
however,  the  recirculation  region  directly  behind  the 
base  was  not  investigated  due  to  possible  probe 
interference  effects  which  limits  the  utility  of  the  data. 
Neale  et  al.^^  investigated  the  mean  velocity  field 
behind  a  circular  cylinder  with  a  pitot-static  probe  but, 
again,  bypassed  the  separated  region.'  Clearly, 
accurate  experimental  measurements  in  the 
recirculation  region  downstream  of  the  base  require 
non-intrusive  diagnostic  techruques.  Laser  Doppler 
velocimetry  (LDV)  is  a  non-intrusive  velocity 
measurement  tool  well-suited  for  such  flows. 
Delery^^  used  LDV  to  successfully  document  the 
near-wake  of  a  subsonic,  axisymmetric  base  flowfleld. 
Detailed  mean  velocity  and  turbulence  data  were 
gathered  throughout  the  near-wake  and  provide  a  good 
data  base  for  the  subsonic  case.  Am^cci  et  al.^^ 
made  similar  LDV  measurements  in  a  supersonic,  two- 
stream  flowfleld  with  a  two-dimensional  base  that 
modeled  the  power-on  case;  however,  the  effects  of  the 
more  practical  axisymmetric  configuration  were  not 
investigated.  Heltsley  et  aL  used  LDV  to  investigate 
the  flowfleld  downstream  of  a  transonic, 
axisymmetric,  power-on  base  flow  but  encountered 
expoimental  problems  throughout  the  measurements. 

In  the  current  study,  experiments  were 
conducted  to  document  die  entire  near-wake  flowfleld 
structure  behind  a  cylindrical  afterbody  immersed  in  a 
supersonic  flow.  Detailed  LDV  measurements  were 
made  in  order  to  obtain  a  better  understanding  of  the 
fluid  dynamic  processes  throughout  the  near-wake 
including  separation,  shear  layer  growth  and 
develcqiment,  reattachment,  and  wake  redevelopment 


To  die  authors'  knowledge,  these  data  also  provide  the 
first  detailed  investigaticm  of  the  mean  and  turbulent 
velocity  fields  inside  the  recirculation  region  in  a 
supersonic  base  flow.  In  addition,  the  data  provided 
herein  will  aid  both  analytical  and  numerical  modelers 
of  supersonic,  axisymmetric  base  flows. 

Experimental  FacHitv  and  Instrumentation 

Wind  Tunnel  Facility 

The  experiments  were  conducted  in  a 
supersonic,  blowdown-type  wind  tunnel  designed 
solely  for  the  study  of  axisymmetric  base  flows. 
Figure  2  is  a  schematic  diagram  of  the  axisymmetric 
wind  tunnel  facility  which  is  located  in  the  University 
of  Illinois  Gas  Dynamics  Laboratory.  Dry. 
compressed  air  passes  flom  the  stagnation  chamber 
through  a  flow  conditioning  module  consisting  of 
screens  and  honeycomb  (used  to  dampen  any  large 
scale  disturbances  genoat^  in  the  air  siq^ly  process 
and  to  minimize  freestream  turbulence  levels)  and 
finally  to  the  convm^g-diverging  supply  nozzle.  The 
pressure  and  temperature  in  the  stag^on  chamber 
were  consistently  maintained  at  SIS  ±  2.8  kPa  and  294 
±  3  K,  respectively.  The  nozzle  takes  an  annular  sh^ 
due  to  the  central  sting  which  siqiports  the  base  nuxtel 
from  upstream  to  prevent  any  interference  with  the 
near-w^  flowfleld  The  cylindrical  afterbody  used  in 
tile  present  experiments  is  63ii  mm  in  diameter  and  is 
attached  by  internal  threads  to  the  sting.  Ihysical 
supports  for  the  sting  are  located  outside  tiie  rear  of  the 
stagnation  chamber  and  inside  the  wind  tunnel  at  the 
flow  conditioning  module.  The  sting  siqiports  are  of 
sufficient  rigidity  such  that  sting  vibration  due  to 
flowfleld  fluctuations  was  negligible.  The  nominal 
design  Mach  number  and  unit  Reynolds  number  at  the 
nozzle  exit  are  2.S  and  S2  (10^)  per  meter, 
respectively. 

Proper  centering  of  the  afteibody/base  within 
the  nozzle  is  critical  in  obtaining  axisymmetric  flow  in 
the  near-wake.  In  these  experiments,  custom-designed 
wind  tunnel  adjusting  blocks  were  used  to  adjust  the 
relative  position  between  the  sting  and  nozzle  until  an 
axisymmetric  flow  was  obtained.  Oil-streak 
visualization  performed  on  the  base  was  used 
effectively  to  examine  the  sting/hozzle  alignment  and 
was  found  to  be  a  very  sensitive  indicator  of  the 
symmetry  of  the  near-wake  flowfleld.  Micrometer 
measurements  at  the  nozzle  exit  indicated  a  maximum 
afterbody  misalignment  of  0.13  mm  from  the  physical 
nozzle  centerline. 

Experimental  Methods 

Conventional  schlieren  and  shadowgraph 
photogrtqihy  were  used  to  investigate  the  qualitative 
structure  of  the  near-wake  flowfleld.  Ihe  photogr^te 
were  of  only  moderate  quality  due  to  the  axisymmetric 
nature  of  the  flow,  but  they  were  used  succekfully  to 
confirm  the  flowfleld  structure  shown  in  Figure  1  and 
to  determine  a  proper  operating  condition  that 
eliminated  any  wind  tunnel  interference  effects. 
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Mean  static  pressure  measurements  were 
made  at  several  locations  on  the  base  and  afterbody 
surfaces  using  a  Pressure  Systems  Inc.  digital  pressure 
transmitter  (DPT  6400-T).  Nineteen  pressure  uyjs 
(0.64  mm  in  diameter)  woe  located  symmetrically 
across  the  base  at  radial  intervals  of  3.18  mm.  Along 
the  afterbody,  two  sets  of  diametrically-opposed 
pressure  taps  (0.64  mm  in  diameter)  were  located 
starting  2.38  mm  upstream  of  the  base  com^  with 
each  t^  separated  axially  by  3.18  mm  and  a  total  of 
five  uqs  in  each  set  In  addition  to  the  afterbody 
pressure  t^s,  total  pressure  and  temperature  probes 
were  mounted  in  the  stagnation  chambn. 

The  focus  of  this  investigation  involved  the 
implementation  of  a  two-component  LDV  system  for 
measuring  die  near-wake  vdocity  field.  Artificial  seed 
particles  were  generated  by  a  TSI  Inc.  six-jet  atomizer 
filled  with  SO  cp  silicone  oil.  The  droplets  were 
injected  into  the  flow  upstream  of  the  facility  nozzle  to 
avoid  disturbing  the  flowfield  with  the  injection 
process.  In  previous  experiments  with  the  same 
seeding  r^paratus,  Bloomberg  deduced  a  mean 
droplet  dimeter  of  0.8  pm  and  showed  mean  pardde 
relaxation  distances  of  approximately  2  mm 
downstream  of  an  oblique  shock  wave  generated  by  a 
IS  degree  compression  comer  in  a  h^h  2.6  flow. 
The  maximum  velocity  gradients  in  the  present 
experiments  (near  boundary  layer  separation)  are 
significantly  weaker  than  for  the  oblique  shock  in 
Bloomberg's  work;  however,  to  ensure  negligible 
particle  lag  in  the  current  experiments,  no  data  are 
presented  within  the  first  S  mm  downstream  of  the 
base  comer  sqiaration  point  In  the  separated  shear 
layer,  the  Stokes  number  for  this  seeding  configiration 
is  estimated  to  be  0.1S  which  Samimy  and  Lel^°  have 
shown  yields  root-mean-square  slip  velocities 
(difference  in  velocity  between  the  particle  and  the 
local  fluid  element)  of  ^jproximately  1.5%. 

The  LDV  measuremrat  volume  used  in  these 
experiments  was  120  pm  in  diameter  and  had  a  fringe 
spacing  of  approximately  10.3  pm.  A  20°  off-axis, 
forward-scatter  receiving  optics  configuration  was 
used  to  reduce  the  effective  measurement  volume 
length  to  0.70  mm.  Bragg  cells  were  used  in  each 
component  to  frequency  diift  one  of  the  beams  40 
MHz  against  the  mean  flow  direction  in  order  to 
discriminate  reversed  velocities.  In  addition,  the  two 
orthogonal  fringe  patterns  were  rotated  to  ±45  degrees 
relative  to  the  wind  tunnel  axis  to  reduce  fringe 
blindness.  To  measure  accurately  the  Doppler 
frequencies  in  this  demanding  flow,  a  TSI  IFA-750 
autocorrelation  processor  was  used.  Data  were 
gathered  from  the  processw  by  a  Gateway  2000  486- 
33  personal  computer  where  further  processing  and 
analysis  were  performed.  Positioning  of  the  LDV 
measurement  volume  throughout  the  near-wake 
flowfield  was  accomplished  using  a  three-axis, 
computer-controlled  traversing  table  with  a  positioning 
resolution  of  0.75  pm. 

The  LDV  measurement  locations  were 
concentrated  in  the  regions  of  high  velocity  gradients 
including  the  qrproach  boundary  layer,  septuated  shear 


layer,  devdoping  wake,  and  also  near  the  reattachmoit 
point  Radial  traverses  were  completed  at  21  axial 
stations  diroughout  the  near-wake  with  tqrproximately 
30  spatial  locations  per  traverse.  In  addition,  an  axial 
traverse  along  the  model  centerline  was  performed  to 
show  the  development  of  the  centerline  mean  velocity 
and  turbulence  intensities.  During  each  radial  traverse, 
three  or  four  locations  below  the  axis  of  symmetry 
were  measured  to  check  the  symmetry  of  the  flow.  In 
all  cases,  the  measured  wake  ceoteriiM  (defined  as  the 
location  where  <o'vr'>  =  0)  was  within  2  mm  of  the 
geometric  model  centerline.  A|rproximately  4000 
instantaneous  velocity  realizations  were  gathered  at 
each  qratial  location  and  probability  density  functions 
Q>dfs)  of  each  velocity  component  were  calculated. 
The  pdfs  generally  resembled  a  Gaussian  profile 
excqrt  near  the  inner  edge  of  the  shear  layer  (near  U  = 
0)  whoe  bimodal  peaks  in  each  pdf  consistently 
occurred.  The  bimodal  pdfs  most  likely  indicate  the 
presence  of  large-scale  structures  on  the  inner  edge  of 
the  shear  layer  which  play  an  important  role  in  the 
entrainment  of  fluid  frmn  the  redrculation  region.  The 
effects  of  velocity  bias  on  the  LDV  data  were 
accounted  for  by  weighting  each  velocity  realizatitm 
with  the  interarrival  time  between  realizations^^. 

With  the  current  two-component  LDV 
arrangement,  both  the  horizontal  and  vertical 
componoits  of  velocity  were  measured.  In  two- 
dimensional  flows,  this  generally  allows  direct 
measurement  of  the  streamwise  and  transverse 
velocities,  but  no  measurement  of  the  spanwise 
component  In  the  current  axisymmetric  flow,  by 
using  the  same  LDV  configuration  and  mal^g 
measurements  indqrendendy  in  both  the  horizontal 
and  vertical  planes  which  pass  through  the  axis  of 
symmetry,  all  three  mean  and  rms  velocities  have  been 
measured.  In  addition,  the  axial-radial  <u'vr'>  and 
axial-tangential  <u'vt'>  Reynolds  shear  stresses  have 
been  directly  measured.  An  error  analysis  including 
the  uncertainties  associated  with  velocity  biasing, 
fringe  biasing,  velocity  gradient  biasing,  finite 
ensemble  size,  processor  resolution,  optical 
misalignment,  and  fringe  spacing  determination  has 
been  completed.  The  estiinaied  worsr-cose  uncertainty 
in  the  mean  velodty  measurements  is  1.2%  of  Ui  and, 
in  the  rms  velocity  fluctuations,  23%  of  Ui,  where  Ui 
is  the  freestream  velocity  just  prior  to  separation. 

Remits 

Pressure  Measurements 

Static  pressure  measurements  along  the 
afterbody  were  used  to  assess  the  uniformity  of  the 
nozzle  exit  flow  as  well  as  any  iqistream  influence  of 
the  separ^on  process.  As  expected,  the  pressure  field 
rqtproaching  the  base  comer  was  relatively  uniform 
and  takes  a  value  consistent  with  an  ismtropically 
expanded  Mach  2.44  flow.  No  upstream  influence 
from  the  base  comer  sqraration  was  evident  in  the 
data. 

Pressure  measurements  have  also  been  made 
at  nineteen  locations  on  the  base  in  order  to  assess  the 
radial  distribution  of  the  mean  static  pressure.  Figure 
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3  shows  die  dimensionless  base  pressure  coefficient  at 
each  location,  defined  as: 

^base=  ^^2 

where  P  is  the  static  pressure,  M  the  Mach  number, 
and  the  subscript  1  denotes  conditions  at  the  nozzle 
exit  The  pressure  is  shown  to  be  relatively  constant 
across  the  base  (note  the  expanded  vertical  scale)  with 
a  slight  increase  toward  larger  radii  where  the 
maximum  pressure  measured  was  3.9%  hi^er  than  die 
pressure  at  the  center  of  the  base.  Similar  base 
pressure  profiles  were  observed  by  Reid  and  Hastings" 
for  a  cylindrical  afterbody  in  a  Mach  2.0  flow  with  a 
maximum  rise  in  pressure  of  qiproximately  3%  across 
the  base.  An  area-weighted  average  of  the  current  data 
across  the  base  was  performed  to  determine  an  average 
base  pressure  coefficient  of  -0.102. 

Flowfield  Velocity  Measurements 

Approach  Flow  Measurements 

The  boundary  layer  approaching  the  base 
comer  separadon  point  was  measured  at  three  axial 
stations  upstream  of  the  base.  Hgure  4  is  a  plot  of  the 
boundary  layer  profile  obtained  1  mm  iqistream  of  the 
base  comer  along  with  a  curve  fit  by  Sun  and  CMds^ 
for  compressible,  turbulent  boundary  layers.  The 
boundary  layer  properties  derived  from  the  curve  fit 
are  also  shown  in  Figure  4.  The  values  for  the 
dimensionless  properties  (H,  11,  and  C[)  are  typical  of 
those  found  in  equilibrium,  compressible,  turbulent 
boundary  layers^^.  In  order  to  determine  the  integral 
properties,  the  mean  density  profile  through  the 
boundary  laymr  was  determined  using  the  ideal  gas 
equation  of  state  and  the  assumptions  of  negligible 
imlial  pressure  gradient,  adiabatic  wall,  and  a  recovery 
factor  of  0.89  as  suggested  by  Kays  and  Crawford^. 
The  fieestream  Mach  number  across  the  nozzle  exit 
was  measured  by  LDV  to  be  2.46  ±  1%  (the 
coneqxmding  ap[noach  velocity  was  Ui  =  567  ni/s). 
Also,  measured  freestream  tuibidence  intensities  in  the 
qjproach  flow  were  less  than  1%. 

Centerline  Measurements 

The  LDV  measurements  along  the  model 
centerline  were  taken  in  S  mm  increments  from  the 
base  to  the  end  of  the  viewing  window  in  the  test 
section.  A  plot  of  the  mean  axial  velocity  along  the 
model  centeriine  is  shown  in  Hg.  S.  The  origin  of  the 
cylindrical  coordinate  system  has  been  arbitrarily  set  at 
the  center  of  the  base  with  all  axial  distances  positive 
downstream.  The  axial  location  where  the  data  crosses 
die  U  =  0  line  clearly  defines  the  rear  stagnation  point, 
S,  since  the  other  two  measured  veloci^  components 
ate  negligible  along  the  centeriine;  this  occurs  at  x/R  - 
2.6S.  The  maximum  reversed  velocity  occurs  at  xidl  •• 
1.S  and  takes  a  value  of  approximately  27%  of  the 
approach  fieestream  velocity.  In  a  similar  experiment 
using  LDV  in  subsonic  flow  (Mach  0.8S)  behind  a 
circular  cylinder,  Delery^^  found  the  rear  stagnation 


point  located  at  3.06  base  radii  downstream  and  a 
maximum  reversed  velocity  of  qiproximately  30%  of 
the  local  fieestream  value  and  located  at  x/R  =  1.8.  It 
is  interesting  to  note  that  for  both  the  supersonic  and 
subsonic  cases,  the  maximum  reversed  velocity  occurs 
at  a  location  qiproximately  57%  of  the  distance  from 
die  base  to  the  reattachment  point  MerzetaL^found 
diat  for  all  Mach  numbers  from  0.1-0.9,  the  mflvimiun 
reversed  velocity  was  35-40%  of  the  fieestream 
velocity  and  occurred  at  a  distance  60%  of  the  length 
toreatachment  The  degree  of  wake  redevelopment  in 
the  present  experiments  is  indicated  in  Fig.  5  by  the 
maximum  positive  centeriine  velocity  which  takes  the 
value  of  57%  of  the  ^[^iroach  velocity  (M  >  1X)5)  at 
the  furthest  downstream  station. 

Ncar-Wakc  Meaa  Velocity  Measuratietas 

The  mean  velocity  vector  field  in  the  near¬ 
wake  is  shown  in  Fig.  6.  In  this  and  subsequent 
figures,  the  vertical  axis  has  been  expanded  by  42% 
compared  to  the  horizontal  axis  in  order  to  more 
clearly  show  the  features  of  the  flowfield  (die  axial-to- 
radial  aspect  rado  of  die  actual  LDV  measurement  grid 
is4.27:l).  In  order  to  place  die  experimental  data  on  a 
uniform  grid  for  die  vectors  shown  in  Fig.  6,  a  simple 
linear  interpolation  in  both  x  and  r  between  the 
unequally  spaced  data  was  completed.  The  velocity 
vectors  show  clearly  the  dominance  of  the  axial 
velocity  on  the  overall  mean  velocity  field.  The 
turning  of  the  mean  flow  dirough  the  base  comer 
expansion  fan,  the  relatively  low-speed  recirculation 
region,  and  the  realignment  of  the  mean  flow  with  the 
axis  downstream  of  reattachment  (S)  are  clearly 
showiL 

A  contour  plot  of  the  Mach  number 
distribudon  throu^out  the  near-wake  is  shown  in  Hg. 
7.  The  steep  velocity  gradients  through  the  initial 
portion  of  the  shear  layer  are  clearly  evident  in  the 
figure.  The  spreading  of  the  contour  lines  further 
downstream  is  indicadve  of  the  growth  of  the  shear 
layer  prior  to  reattachment  and,  also,  the  wake 
development  downstream.  Note  that  the  flow  along 
the  axis  reaccelerates  to  sonic  velocity  at 
qiproximately  five  base  radii  downstream  which  is 
similar  to  the  measurements  of  Neale  et  al.^^  in  a 
Mach  3  base  flowfield  where  the  sonic  point  was 
located  at  x/R  -  5.1.  The  maximum  Mach  number  of 
the  reversed  flow  is  0.48  and  is  located  on  the 
centerline  at  approximately  x/R  =  1.5.  The  gradual 
recompression  of  the  outer  flow  is  indicated  by  the 
decreasing  Mach  number  contours  in  the  upper  right  of 
die  figure. 

The  mean  radial  velocity  contours  are  shown 
in  Hg.  8.  The  small  values  relative  to  the  mean  axial 
approach  velocity  mice  again  show  the  dominance  of 
the  axial  velocity  in  the  near-wake  flowfield.  The 
closely  spaced  contours  emanating  from  the  base 
comer  mark  the  turning  of  the  mean  flow  through  the 
expansion  fan.  As  the  outer  inviscid  flow  qiproaches 
the  axis  of  symmetry,  the  radial  velocity  continues  to 
increase  in  magnitude,  due  to  the  axisymmetric  effect, 
to  a  peak  value  of  22%  of  die  mean  tpproach  velocity 
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at  a  location  iqtproximately  two  base  radii 
downstream.  The  location  of  flowfield  realignment 
with  the  mds  of  symmetry  appears  to  dq>end  on 
whether  the  flow  is  supersonic  or  subsonic.  The 
realignment  process  in  the  outer  flow  is  shown  in  the 
upper  rig^t  of  Fig.  8  by  die  contour  lines  of  decreasing 
magnitude  and  the  relatively  uniform  flow  region 
downstream  of  the  last  contour.  However,  closer  to 
the  axis  of  symmetry,  a  much  slower  realignment  of 
the  subsonic  inner  flow  occurs,  such  that  the  mean 
radial  velocity  is  appreciable  out  to  x/R  =  4.S.  The 
mean  tangential  (swirl)  velocity  was  also  direcdy 
measured  with  the  LDV  system,  and  as  expected,  the 
magnitudes  were  negligible  compared  to  the  other  two 
components. 


The  root-mean-square  fluctuation  velocities 
were  directly  measured  in  all  three  coordinate 
directions  and  will  be  presented  in  the  form  of 
turbulence  intensities,  o/Ui.  Figure  9  shows  the  axial 
turbulence  intensity  contours  throughout  the  near¬ 
wake.  The  large  increase  in  turbulent  fluctuations 
from  the  outer  freestream  to  the  values  in  the  shear 
layer  and  wake  are  ^parent  A  peak  axial  rms 
velocity  fluctuation  of  22%  of  the  mean  tqtproach 
vdocity  occurs  at  a  location  83%  of  the  axial  distance 
from  the  base  to  reattachment.  Upstream  of 
reattachment  at  any  axial  station,  the  radial  locadon  of 
the  maximum  axial  turbulence  intensity  lies  in  the 
subsonic  region  of  the  shear  laym*.  In  contrast, 
Amatucci  et  al.^^  found  peak  levels  of  turbulence 
intensity  near  the  sonic  line  in  a  two-dimensional,  two- 
stream  base  flow.  Throughout  die  recirculation  region 
in  the  current  study,  the  axial  turbulence  intensity  is 
relatively  constant  excqit  very  dose  to  the  base  where 
it  is  attenuated.  Further  downstream  as  die  shear  layer 
transforms  into  a  wake,  the  overall  levd  of  turbulent 
fluctuations  diminishes  and  a  well-d^ned  peak  in  the 
axial  turbulence  intensity  profiles  is  no  longer 
disconible. 

Contours  of  constant  radial  turbulence 
intensity  are  shown  in  Fig.  10.  The  genmal  trends 
follow  closely  those  of  the  axial  turbulence  intensity, 
but  the  overall  fluctuation  levels  are  smaller.  The  peak 
radial  velodty  fluctuation  is  IS.6%  of  Ui  and  occurs 
at  roughly  the  same  location  as  the  peak  axial 
fluctuation.  Hie  recirculation  region  contains  a  greater 
variation  in  radial  turbulence  intensity  than  axial 
turbulence  intensity  with  a  steady  increase  from  the 
base  to  the  reattaclment  point  (not  induding  the  base 
effects  at  x/R<0.S).  The  turbulence  relaxation  beyond 
reattachment  is  fairly  slow  with  a  uniform  radial 
turbulence  intensity  across  the  inner  portion  of  the 
wake  as  it  develops. 

The  tangential  turbulence  intensity  rqnesents 
fluctuations  from  the  mean  swirl  velocity  which,  as 
mentioned  above,  is  negligible  for  axisyrmnetric  flows. 
Hgure  11  is  a  plot  showing  the  tangential  turbulence 
intensity  throughout  the  near-wake.  The  overall  level 
of  fluctuations  in  the  tangential  direction  is  reduced 
compared  to  the  axial  turbulence  intensity  and  is 


generally  smaller  than  the  radial  fluctuations.  The 
peak  value  of  the  tangential  velocity  fluctuations  is 
13.5%  of  Ui  and  occurs  near  Ae  shear  layer 
reattachment  point  at  x/R  s  2.65.  The  greatest 
variation  in  tangential  turbulence  intensity  occurs  at 
the  outer  edges  of  the  shear  layer  and  w^,  and  the 
radial  profiles  do  not  exhibit  the  sharp  peaks  evident  in 
the  axial  and  radial  turbulence  intensities. 

The  ratio  of  the  turbulence  intensity 
contributions  from  each  component  gives  a  relative 
indication  of  the  anisotropy  in  the  nonnal  stress  field. 
In  the  current  flow,  the  axial  turbulence  intensity 
dominates  with  peak  values  approximatdy  30-50% 
higher  than  the  peak  radial  fluctuations  aiul  60-70% 
hi^er  than  the  peak  tangential  fluctuations  in  the 
shear  layer  where  anisotropy  is  largest  The  relative 
oideting  of  the  peak  turbulmice  intensity  magnitudes 
(axial-radial-tangential)  found  in  the  current  base  flow 
experiments  can  be  conorasted  with  the  recent  data 
from  Gruber  and  Dutton^^  for  a  two-dimensional, 
compressible,  constant  pressure  mixing  layer.  Indieir 
study,  the  magnitude  of  the  ^anwise  component  of 
turb^ence  intensi^  exceeded  the  contribution  from 
die  transverse  componemby  tqqKoximately  20%  in  the 
peak  intensity  region  of  the  shear  probably  due 
to  the  three-dimensional  nature  of  the  large  scale 
structures  in  the  planar,  compressible  mixing  layer.  In 
axisymmetric  flow,  the  tenitency  of  the  structures  to 
grow  asymmetrically  (in  the  tangential  direction)  is 
most  likely  dampened  by  the  more  stringent 
axisymmetric  conditions  imposed  by  the  mean 
flowfield.  In  incompressible,  constant  pressure  mixing 
layers,  the  spanwise  component  of  turbulence  inteosi^ 
b^  b^n  shown  to  be  approximately  equal  to  the 
transverse  turbulence  intensity^. 

An  important  turbulisnce  quantity  often  used 
to  describe  the  overall  levd  of  turbulent  fluctuations  is 
the  turbulent  kinetic  energy  defined  as: 

k  =  j(Cu2  +  Ovr^  +  ®vt^)  (2) 

In  these  experiments,  all  three  mean  square 
fluctuations  (normal  stresses)  have  bear  directly 
measured.  Hgure  12  is  a  plot  of  the  turbulent  kinetic 
energy  as  measured  throu^out  the  near-wake.  Since 
the  axial  turbulence  fluctuation  levels  dominate  the 
flowfield,  the  contours  of  turbulent  kinetic  energy 
appear  relatively  similar  to  those  of  the  axial 
turbulence  intensity  (Fig.  9).  The  turbulent  kinetic 
energy  grows  rtqridly  afia  sqraration  as  the  shear  laya 
grows.  Prior  to  reattachment,  however,  a  maximum  is 
reached  and  a  subsequent  decay  to  the  relatively 
constant  values  in  the  wake  occurs.  Again,  tire  sharp 
peaks  in  turbulent  kinetic  enogy  radial  profiles 
occurring  in  the  shear  layer  are  nonexistent  in  the  wake 
further  downstream.  In  the  recirculation  region,  the 
levd  of  turbulent  kinetic  energy  is  reduced  by  the  lack 
of  turbulence  production  due  to  small  mean  vdocity 
gradients.  The  maximum  turbuloit  kinetic  energy 
measured  in  the  near-wake  was  4.4%  of  Ui2  and 
occurred  at  x/R  -  2.2,  or  somewhat  upstream  of 
reattachment 
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In  the  current  experiments,  both  the  axial- 
radial  (<u'vr'>)  and  axial-tangential  (<u'v|'>)  Reynolds 
shear  stresses  have  been  measur^  dir^tly.  As 
expected,  the  axial-radial  shear  stress  dominates  the 
axial-tangential  stress  which  is  negligible  throughout 
the  near-wake.  Figure  13  is  a  plot  showing  the  axial- 
radial  shear  stress  distribution  downstream  of  the  base. 
The  shear  stress  peaks  in  the  shear  layer  upstream  of 
reattachment  in  tqjproximately  the  same  loc^on  as  the 
peak  in  turbulent  kinetic  energy.  Abu-Hijleh  and 
Samimy^  used  LDV  to  investigate  a  stqtersonic  shear 
layer  reattaching  onto  a  wall  and  found  peak  values  of 
turbulent  kinetic  energy  and  Reynolds  stress 
downstream  of  the  reattachment  location.  The 
difference  in  the  locations  for  the  peak  turbulence 
quantities  between  these  experiments  may  possibly  be 
attributed  to  the  differences  between  solid  wall  and 
compliant  surface  reattachmenL 

The  production  of  turbulent  kinetic  energy, 
defined  as  follows: 


Pt=-<ui'uj'>^  (3) 

provides  a  measure  of  the  amount  of  kinetic  energy 
transferred  finom  the  mean  flow  to  the  turbulence  field. 
Investigating  the  distribution  of  throughout  the 
near-wake  provides  insight  into  the  structure  of  the 
turbulence  field  as  well  as  establishing  the  role  of 
turbulence  production  in  different  regions  of  the  flow. 
In  axisymmetric  flow,  only  four  of  the  nine  production 
terms  are  non-zero  which  leaves  the  following 
expression  for  P^: 


Pk  =  -<ru‘^^-<“^i 


lU  aVr,  0^ 
- ^)-CTvr'‘ 


dx 


dr 


(4) 


which  is  plotted  in  Fig.  14  (to  avoid  clutter,  only  a 
reference  contour  label  is  shown;  all  other  contours  are 
equally  spaced  with  values  increasing  by  0.02).  Strong 
turbulence  production  is  seen  to  occur  inunediately 
downstream  of  the  sqtaration  point  on  the  inner  edge 
of  the  shear  layer.  This  is  not  surprising  as  the  mean 
velocity  gradients  are  very  large  in  this  region.  As  the 
shear  layer  develops,  the  mean  velocity  gradients 
decrease  but  the  Reynolds  stresses  increase  (Hgs.  9- 
13)  such  diat  the  total  production  remains  significant 
up  to  the  reattachment  point  Downstream  of 
reattachment  however,  the  Reynolds  stresses  and 
mean  velociQr  gradients  both  decrease  rapidly  resulting 
in  a  diminish^  level  of  turbulence  production. 

Since  the  total  production  of  turbulent  kinetic 
energy  is  merely  the  sum  of  the  production  terms  for 
each  Reynolds  normal  stress,  separating  the  total 
production  expression  into  its  individual  components 
yields: 

Pk  =  Pu  +  Pvr  +  Pvt  (5) 

where  the  individual  production  terms  for  each 
Reynolds  normal  stress  are 


Pu  =  -<yu^|~-<“’vr'>^  (6) 

Pvr=  *  ®vr^^  * ^  (7) 


Pvt-0  (8) 

From  the  current  experiments,  the  relative  magnitudes 
of  each  term  indcate  that  Pu  »  Py  r  >  Pvt- 
Consequently,  die  majority  of  the  energy  exchange 
between  the  mean  flow  and  the  turbulence  field  occurs 
through  the  axial  component  of  the  Reynolds  normal 
stress.  The  radial  and  tangential  components,  on  the 
other  hand,  must  receive  their  kinetic  energy  from 
other  sources  such  as  pressure-velocity  interactions  at 
momentum  transport  by  turbulent  velocity 
fluctuations.  Therefore,  die  relative  ordering  of  the 
Reynolds  normal  stresses  (Ou^  >  ®vr^  >  ®vt^)  is 
consistent  with  the  amount  of  turbulence  produedon 
that  each  component  receives  from  the  mean  flow. 

Sammarv  and  Conclusions 

The  turbulent  near-wake  of  a  circular  cylinder 
aligned  with  a  siqiersonic  flow  has  been  invesdgated 
using  non-intrusive  measurement  techniques.  The 
main  objective  of  these  experiments  is  to  increase  the 
understanding  of  the  complex  fluid  dynamic 
phenomena  that  occur  in  supersonic  base  flowfields  by 
the  use  of  detailed  quantitative  data  gathered 
duoughout  die  near-wake.  Specifically,  afterbody  and 
base  pressure  distributions,  mean  velocities,  turbi^ce 
intensities,  and  Reynolds  shear  stresses  have  been 
obtained;  these  data  have  been  tabularized  on  a  floppy 
disk  which  is  available  from  the  authors.  As  a  result  of 
data  analysis,  the  following  conclusions  concerning  the 
near-wake  flowfield  can  be  made: 

(1)  The  mean  static  pressure  profile  across 
the  base  is  relatively  uniform  with  an  average  base 
pressure  coefficient  of  -0.102. 

(2)  The  maximum  reverse  vdocity  along  the 
wake  centerline  reached  27%  of  the  mean  approach 
veloci^,  or  Mach  0.48,  and  occurs  qiproximately  57% 
of  the  distance  from  the  base  to  the  reattachment  point 
(located  at  x/Rs2.6S).  Along  the  centerline,  the  axial 
and  radial  turbulence  intensities  peak  near  the 
reattachment  point  and  decay  as  the  wake  develops 
downstream. 

(3)  The  recirculating  flow  is  generally 
charactmi^  by  small  mean  velocity  gradients  and 
relatively  unifonn  turbulence  intensities. 

(4)  The  separated  shear  layer  is  found  to 
contain  steqi  radial  velocity  gradients  and  sharp  peaks 
in  turbulence  intensity  in  die  subsonic  region.  Beyond 
reattachment,  the  sh^  peaks  decay  toward  nearly 
uniform  turbulence  intensities  across  the  redevelqiing 
wake. 

(5)  Peak  values  of  turbulent  kinetic  energy 
and  axial-radial  shear  stress  are  located  in  the  subsonic 
region  of  the  shear  layer  upstream  of  reattachmenL 
This  is  in  contrast  to  earlier  results  cm  compressible 
shear  layer  reattachment  onto  a  solid  surface  which 
indicate  peak  levels  at  or  downstream  of  the 
reattachment  point  The  production  of  turbulent 
kinetic  energy  peaks  immediately  downstream  of 
sqiaration  along  the  inner  edge  of  the  shear  layer. 
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Abstract 

A  new  particle  image  velocimetry  (PIV)  system  has 
been  used  to  study  the  near-wake  structure  of  a  two- 
dimensional  base  in  subsonic  flow  in  order  to  determine 
the  fluid  dynamic  mechanisms  of  observed  base  drag 
reduction  in  the  presence  of  a  base  cavity.  Experiments 
were  done  over  a  range  of  freestream  Mach  numbers  up 
to  0.8,  including  local  flowfield  velocities  over 
300  m/s.  Effects  of  the  base  cavity  on  the  von  Karmdn 
vortex  street  wake  were  found  to  be  related  to  the 
expansion  and  diffusion  of  vortices  near  the  cavity, 
although  the  effects  are  of  small  magnitude  and  no 
significant  change  in  the  vortex  formation  location  or 
path  was  observed.  The  base  cavity  effects  are  also  less 
significant  at  higher  freestream  velocities  due  to  the 
formation  of  vortices  further  downstream  from  the  base. 
The  base  cavity  drag  reduction  was  found  to  be  mainly 
due  to  the  displacement  of  the  base  surface  to  a  location 
upstream  of  the  low-pressure  wake  vortices,  with  only  a 
slight  modification  in  the  vortex  street  itself. 

Introduction 

The  separated  flow  past  a  two-dimensional  body  at 
subsonic  speed  and  large  Reynolds  number  forms  a 
wake  structure  made  up  of  alternately  shed  vortices 
known  as  the  von  Karmdn  vortex  street.  This 
commonly  occurring  structure  has  been  the  subject  of 
numerous  studies  beginning  with  von  Kdrmdn's  first 
theoretical  analysis  of  vortex  streets^.  A  significant 
feature  of  this  flowfield  is  the  interaction  of  the  low 
pressure  vortices  in  the  near-wake  with  the  downstream 
surface  or  base  of  the  body,  inducing  a  net  streamwise 
pressure  force  on  the  body  known  as  base  drag.  The 
base  drag  is  typically  a  significant  component  of  total 
drag,  even  for  slender  bodies  with  a  finite  thickness 
base.  For  this  reason,  drag  reduction  methods  based  on 
the  modification  of  the  vortex  street  have  received  much 
attention. 

One  effective  drag  reduction  method  is  the  use  of  a 
base  cavity,  which  is  the  subject  of  this  study.  It  has 


been  shown  experimentally  that  the  presence  of  a  solid- 
walled  cavity  in  the  base  of  a  slender  two-dimensional 
body  (see  Fig.  1)  increases  the  base  pressure,  resulting 
in  base  drag  reduction  of  up  to  30%2-5.  Other  effects  of 
a  base  cavity  that  have  been  experimentally  observed 
include  an  increase  in  vortex  shedding  frequency  or 
Strouhal  number  as  compared  to  a  blunt  base^’^  and 
limited  base  drag  reduction  for  a  cavity  depth  beyond 
approximately  half  the  base  height. 

The  mechanism  of  drag  reduction  due  to  base 
cavities  is  as  yet  unclear,  although  several  theories  have 
been  proposed,  all  of  which  imply  some  modification  of 
vortex  formation  location  and  reduction  in  vortex 
strength.  The  earliest  published  base  cavity 
experiments  were  done  by  Nash  et  al.^  They  proposed 
that,  although  a  vortex  or  eddy  may  not  be  completely 
trapped  by  the  cavity,  the  cavity  does  have  a  stabilizing 
effect  on  standing  eddies  near  the  base,  implying  that 
the  vortices  form  at  least  partially  within  the  cavity 
where  they  are  affected  by  the  cavity  walls.  Pollock^ 
performed  experiments  based  on  theoretical  work  by 
Ringleb^  who  suggested  that  a  stable  vortex  may  be 
trapped  in  a  cavity,  causing  the  wake  to  revert  to  a 
steady  flow.  Pollock  used  a  special  asymmetric  cusp¬ 
shaped  cavity  which  showed  no  advantage  in  drag 
reduction  over  a  rectangular  cavity,  in  effect  disproving 
Ringleb's  theory.  In  a  study  of  resonance  effects  on 
vortex  shedding,  Wood^  showed  that  resonance  of  the 
base  at  the  vortex  shedding  frequency  causes  vortex 
formation  within  the  cavity,  while  formation  normally 
occurs  outside  the  cavity.  He  concluded  that  the  drag 
reduction  observed  for  base  cavities  must  be  due  to 
some  resonance  or  vibration  in  the  flowfreld,  moving 
the  vortices  into  the  cavity  where  the  solid  walls  restrict 
vortex  growth  and  inhibit  the  strength  of  successive 
vortices. 

A  study  of  axisymmetric  base  cavities  by 
Compton^  suggested  that  recirculation  within  the  cavity 
forms  a  co-flowing  stream  at  the  cavity  edge  which 
interacts  with  the  separated  freestream,  reducing  the 
vorticity  of  the  separated  shear  layer.  In  a  subsequent 
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study  of  axisymmetric  base  cavities,  Morel^  suggested 
that  the  co-flowing  stream  could  be  an  important  effect 
in  two-dimensional  geometries  as  well.  More  recently, 
Kruiswyk  and  Dutton^  used  a  combination  of  pressure 
measurements  and  flow  visualization  techniques  to 
conclude  that,  although  vortex  motion  does  not  extend 
into  the  cavity,  oscillating  air  flow  at  the  cavity 
boundary  increases  fluid  mixing  in  the  near-wake, 
thereby  reducing  vortex  strength.  Their  results 
concerning  the  change  in  base  pressure  and  vortex 
shedding  frequency  due  to  a  base  cavity  are  shown  in 
Table  1.  The  base  cavity  configuration  was  a 
rectangular  cavity  with  a  streamwise  depth  equal  to  half 
the  base  height.  A  base  cavity  with  a  depth  of  one  full 
base  height  was  also  used,  but  the  results  were  similar 
to  the  half  base  height  cavity.  The  experimental 
conditions  used  in  the  present  study  match  those  used 
by  Kruiswyk  and  Dutton'*  to  facilitate  comparison  of 
data.  The  results  in  Table  1  show  an  increase  of  10  to 
14%  in  the  base  pressure  coefficient  which  is  non- 
dimensionalized  by  reference  conditions  in  the  flow  just 
prior  to  separation  near  the  downstream  edge  of  the 
base.  The  relative  increase  in  the  Strouhal  number 
(vortex  shedding  frequency)  is  less,  although  still 
significant  Another  evident  feature  is  that  both  effects 
are  largest  at  the  lowest  freestream  Mach  number. 

Two  notable  computational  simulations  of  two- 
dimensional  base  cavity  flows  have  also  been  done. 
Rudy*®  obtained  laminar  finite  difference  Navier-Stokes 
solutions  using  base  configurations  and  freestream 
Mach  numbers  of  0.4  and  0.6  that  matched  those  of 
Kruiswyk  and  Dutton'*,  although  Rudy’s  simulations 
used  fieestream  Reynolds  numbers  (based  on  base 
height)  of  700  and  %2  (significantly  lower  than  the 
experimental  values).  Clements  and  Maull^  used  an 
inviscid  discrete  vortex  method  for  simulations  of  their 
experimental  results.  Rudy's  results  more  accurately 
predicted  the  experimentally  measured  base  pressure 
increase  due  to  a  cavity,  but  both  simulations  showed 
vortex  formation  within  the  cavity  and  a  decrease  in 
shedding  frequency  due  to  the  cavity,  which  disagrees 
with  experimental  results.  Rudy  concluded  that  the 
observed  increase  in  base  pressure  with  a  cavity  was 
mainly  due  to  the  physical  displacement  of  the  base 
surface  away  from  the  low  pressure  vortices. 

The  work  presented  here  will  take  advantage  of  both 
the  new  results  available  from  PIV  and  the  extensive 
experimental  and  computational  data  available  from 
Kruiswyk  and  Dutton'*  and  Rudy*®,  respectively.  The 
ability  to  directly  compare  results  from  several 
techniques  for  similar  base  geometries  and  flow 
conditions  will  allow  a  thorough  analysis  of  the  effects 
of  a  base  cavity  on  the  structure  and  properties  of  the 


flowfield,  leading  to  a  better  understanding  of  the 
mechanisms  of  drag  reduction. 

Equipment 

Test  Section 

Experiments  for  this  study  were  performed  in  a 
previously  fabricated  transonic  wind  tunnel  (Fig.  2) 
based  on  a  design  described  by  Little  and  Cubbage**. 
The  tunnel  has  a  4"x4‘’  (101.6  mm  x  101.6  mm) 
test  section  with  solid  side  walls  and  slotted  upper  and 
lower  inner  walls  to  relieve  the  blockage  effect  of 
models  in  the  subsonic  to  transonic  speed  range.  Six- 
inch  diameter  round  windows  are  mounted  in  both 
sidewalls  to  allow  visualization  of  the  downstream  end 
and  near-wake  of  a  base  model.  The  tunnel  is  a 
blowdown  type  supplied  with  compressed  dry  air  from  a 
140  m^  tank  farm  at  120  psia.  'The  base  model  (Fig. 
3)  consists  of  an  interchangeable  afterbody  mounted  on 
a  wedge-sh^)ed  forebody.  Trip  wires  are  mounted  on 
the  top  and  bottom  surfaces  near  the  upstream  edge  to 
assure  an  equilibrium  turbulent  boundary  layer  at 
separation.  When  mounted  in  the  test  section,  the 
upstream  edge  is  located  approximately  17"  (432  mm) 
downstream  of  the  wind  tunnel  entrance  with 
rqjproximately  0.75"  (19  mm)  of  the  downstream  end  of 
the  model  visible  through  the  side  windows.  The 
afterbodies  used  are  a  blunt  base  and  a  rectangular  base 
cavity  with  a  depth  of  half  the  base  height  The  wind 
tunnel  and  base  models  are  the  same  as  those  used  by 
Kruiswyk  and  Dutton^. 

Modifications  have  been  made  to  the  original  wind 
tunnel  for  the  flow  seeding  and  optical  access  necessary 
for  this  study.  Slot-shaped  upper  and  lower  windows 
have  been  fabricated  and  installed  in  the  outer  tunnel 
walls  for  access  with  a  vertically  propagating  planar 
laser  sheet  The  sheet  passes  through  the  lower  window 
and  through  one  of  the  streamwise  slots  of  the  inner 
wall  to  enter  the  test  section.  The  arrangement  of  the 
wall  slots  requires  the  position  of  the  sheet  to  be  10 
mm  off  the  tunnel  centerline  in  the  spanwise  direction, 
but  surface  flow  visualization  on  the  base  modeH  and 
laser  Doppler  velocimctry  (LDV)  data  in  the  near- 
wake*^  indicate  no  significant  variation  of  the  flow 
from  centerline  conditions.  Delivery  of  silicone  oil  seed 
for  PIV  is  done  by  two  TSI  six-jet  atomizers  feeding  a 
single  3/4"  O.D.  tube  that  enters  the  stagnation 
chamber.  Flow  from  the  stagnation  chamber  passes 
through  a  pair  of  screens  (44  x  44  mesh  screen  with 
57%  open  area)  and  enters  an  enclosure  at  the  nozzle 
entrance  to  reduce  turbulence.  The  silicone  oil  seed  is 
then  injected  by  a  manifold  tube  with  a  series  of  holes 
directed  downstream  and  oriented  in  a  transverse 
(vertical)  plane  aligned  with  the  illuminating  laser 
sheet  The  flow  then  passes  through  a  2"  long  section 
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of  honeycomb  with  a  3/16"  cell  diameter  to  further 
reduce  turbulent  fluctuations.  The  seed  injection  is  done 
downstream  of  the  screens  due  to  experience  with  LX)V 
indicating  that  silicone  oil  droplets  tend  to  build  up  on 
screens,  causing  large  drops  to  form  and  burst  off  which 
bias  velocity  measurements.  LDV  data  from  the  final 
tunnel  configuration  indicate  tunnel-empty  turbulence 
intensities  of  less  than  1%  at  the  fieestream  conditions 
used  in  this  study. 

PIV  System 

To  meet  the  objectives  set  forth  for  this  study,  data 
were  obtained  with  a  non-intrusive  velocity 
measurement  technique  called  particle  image 
velocimetry  (PIV).  PIV  is  performed  by  illuminating  a 
seeded  flowfield  with  a  planar  laser  sheet  that  is  pulsed 
at  a  known  time  interval,  forming  two  or  more 
sequential  images  of  each  seed  particle  within  the  light 
sheet  (Fig.  4).  The  particle  images  are  captured  on  film 
or  another  medium,  then  the  local  image  separations 
and,  therefore,  velocities  can  be  detramined  fw  the  entire 
plane.  Unlike  pointwise  techniques  such  as  LDV, 
which  provides  statistical  velocity  data  on  a  point-by¬ 
point  basis,  PIV  can  quantitatively  identify 
instantaneous  flow  structures  that  may  be  random  in 
nature  but  important  to  the  overall  behavior  of  the  flow. 
PIV  also  reveals  planar  views  of  three-dimensional  flow 
structures  that  are  smeared  by  volume  integration 
inherent  in  techniques  such  as  schlieren  photogr^hy. 
A  detailed  discussion  of  the  design,  development,  and 
validation  of  the  PIV  system  used  in  this  study  can  be 
found  in  References  12  and  13;  therefore,  only  a  brief 
discussion  is  given  below. 

The  acquisition  system  refers  to  the  equipment  used 
to  obtain  raw  particle  images  from  the  test  section 
flowfield  (see  Fig.  5).  This  system  captures  double 
images  of  each  particle  within  the  illuminated  laser 
sheet  by  using  two  Continuum  YG681C-10  Nd:YAG 
lasers  equipped  with  frequency  doubling  crystals  to 
provide  a  maximum  output  energy  of  550  mJ^ulse  at  a 
wavelength  of  532  nm  (green  light)  with  a  pulsewidth 
of  4-6  ns.  High-resolution  black-and-white  films  are 
very  sensitive  to  green  wavelengths  and  the  high 
visibility  of  the  green  light  also  simplifies  alignment  of 
the  two  beams  which  is  a  critical  factor  in  obtaining 
double  images  of  particles  in  the  flow.  Two  separate 
lasers  are  required  since  a  single  laser  cannot  generate 
two  distinct,  equal  energy  pulses  in  the  short  time 
interval  required  for  high-speed  flows  (typically  less 
than  1  ps).  The  horizontally  and  vertically  polarized 
beams  of  the  two  lasers  are  combined  by  a  polarized 
beam  splitter,  then  shaped  by  spherical  and  cylindrical 
lenses  to  form  a  planar  beam  profile.  Beam  thickness 
and  width  at  the  test  section  can  be  controlled  by 


adjustment  of  the  beam  shaping  optics.  The  current 
study  used  a  beam  thickness  of  1.2  mm  and  width  of 
64  mm  at  the  test  section. 

The  photographic  recording  of  particle  images  is 
done  by  a  35  mm  camera  mounted  on  the  same  optical 
table  as  the  lasers  and  beam  shaping  optics.  This 
allows  maintenance  of  the  relative  position  of  all 
optical  components  for  consistent  alignment  and  focus. 
This  table  is  also  mounted  on  vibration-isolated 
supports  to  avoid  the  effects  of  laboratory  vibrations. 
The  camera  has  a  flat  field  100  mm  macro  lens  with 
auto  film  wind  and  an  electronic  shutter  for  automated 
operation.  Other  features  of  the  acquisition  system 
include  automated  operation  of  the  lasers,  camera,  and 
test  section  seeding  by  means  of  an  Apple  Macintosh  n 
compute. 

Derivation  of  velocity  at  each  location  in  the 
flowfield  is  done  through  a  digital  analysis  of  the  PIV 
photograph  in  a  spot  by  spot  fashion  in  an  automated 
process  performed  by  an  interrogation  system.  The 
analysis  technique  used  in  the  present  PIV  system  is 
called  the  "autocorrelation  method”.  Each  velocity 
vector  is  determined  from  a  small  region  of  the  flowfield 
photograph  containing  multiple  particle  image  pairs, 
called  an  interrogation  spot.  Each  spot  is  illuminated, 
magnified,  and  viewed  by  a  video  camera.  The  video 
image  is  then  digitized  into  a  two-dimensional  array  and 
passed  to  an  array  processor  on  a  host  computer.  Two 
FFTs  and  oth^  array  operations  are  then  p^ormed  to 
obtain  the  two-dimensional  autocorrelation  function  of 
the  original  spot.  The  distance  from  the  origin  to  a 
peak  in  the  autocorrelation  function  corresponds  to  the 
separation  distance  of  particle  image  pairs  in  the 
original  spot,  which  in  turn  is  proportional  to  the  local 
particle  velocity.  The  array  processor  uses  a  centroidal 
peak-finding  routine  to  locate  the  three  highest  peaks  in 
the  autocorrelation  array.  Multiple  peaks  are  found 
since  the  peak  due  to  actual  particle  velocity  is 
sometimes  not  the  highest,  but  can  be  determined  by 
later  comparison  of  results  with  neighboring  velocity 
data.  The  three  peak  locations  are  stored  and  the  process 
is  repeated  fw  the  next  spot 

The  size  of  the  spot  used  for  each  individual 
velocity  vector  determines  the  spatial  resolution,  i.e., 
the  in-plane  dimensions  of  the  effective  probe  volume. 
The  data  shown  here  were  obtained  using  a  uniform  spot 
size  of  1  mm  x  1  mm  in  the  frame  of  reference  of  the 
test  section.  The  probe  volume  is  therefore  1  mm  by 
1  mm  (^t  size)  by  1.2  mm  (laser  sheet  thickness)  or 
1.2  mm^.  Velocity  vectors  were  found  on  a  grid  with 
an  increment  of  0.5  mm  in  each  direction  (overltqrping 
spots)  to  prevent  biasing  due  to  small  scale  motions  in 
the  flowfield. 
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Validation  experiments  have  been  performed  with 
this  PIV  system  using  both  simulations  and  high-speed 
flow  experiments,  indicating  a  maximum  total  error  in 
raw  PIV  velocity  measurements  of  less  than  3%^^. 
Random  error  makes  up  a  significant  portion  of  the 
total,  and  is  reduced  by  post-processing  operations 
performed  on  the  data  as  described  in  the  following 
section. 

Results  and  Discussion 
Experimental  Conditions 

Experiments  were  initially  performed  with  two  base 
configurations  at  three  freestream  velocity  conditions, 
resulting  in  six  cases.  Row  conditions  for  each  case 
were  determined  by  running  the  test  section  without  the 
base  model.  The  test  section  flow  velocity  was 
measured  as  a  function  of  wind  tunnel  stagnation 
pressure,  allowing  the  ^propriate  stagnation  pressure  to 
be  determined  for  each  desired  freestream  velocity 
condition.  This  stagnation  pressure  was  maintained  for 
the  corresponding  experiments  with  the  base  model.  A 
summary  of  the  flow  conditions  and  base  conflgurations 
used  in  this  study  is  shown  in  Table  2,  including  the 
freestream  Reynolds  number  based  on  freestream 
velocity  and  base  height  and  shorthand  notations  for 
each  case.  As  mentioned  previously,  these  cases  match 
those  used  by  Kruiswyk  and  Dutton^  and  the  Mach  0.4 
and  0.6  freestream  conditions  used  by  Rudy^^  with 
similar  base  conflgurations. 

As  expected  from  inviscid  flow  theory,  the 
measured  velocity  just  outside  the  boundary  layer  at  the 
downstream  edge  of  the  base  (reference  Mach  number  in 
Table  2)  is  greater  than  the  associated  freestream 
velocity  due  to  local  compression  of  streamlines  near 
the  body.  The  mean  measured  reference  Mach  numbers 
for  each  case  were  found  to  match  the  reference  Mach 
numbers  quoted  by  Kruiswyk  and  Dutton'*  for  the 
associated  freestream  conditions.  The  velocity  data  fixrm 
individual  flowfleld  realizations  showed  some  variation 
from  the  desired  reference  velocities  (maximum  9%)  due 
to  the  lack  of  tunnel  control  valve  resolution  at  the 
small  stagnation  pressures  required  and  due  to  changes 
in  the  stagnation  temperature  of  the  supply  air  from  run 
to  run.  A  simple  scaling  factor  was  therefore  applied  to 
the  velocity  data  from  each  flowfleld  realization  to 
account  for  these  variations. 

Fifteen  flowfleld  realizations  were  obtained  ftH*  each 
of  the  Mach  0.4  and  Mach  0.6  cases  listed. 
Realizations  were  also  obtained  for  each  of  the  Mach 
0.8  cases,  but  difficulties  with  seeding  density  in  the 
vortex  street  prevents  the  use  of  those  cases  in  the 
quantitative  analysis  presented  here*^.  Each  individual 
realization  consists  of  an  array  of  6831  (99  x  69) 
instantaneous  velocity  vectors  with  0.5  mm  spacing  in 


both  the  streamwise  and  transverse  directions.  By 
defining  the  coordinate  system  as  positive  x  in  the 
streamwise  direction  and  positive  y  in  the  transverse 
direction  with  the  origin  at  the  center  of  the  downstream 
base  edge,  each  realization  covers  the  wake  from  x  = 
1  mm  to  SO  mm  and  from  y  =  -17  mm  to  17  mm. 
This  region  extends  3.3  base  heights  downstream  of  the 
aft  edge  of  the  base. 

Individual  Flowfleld  Realizations 

An  example  raw  velocity  vector  plot  from  a  single 
Mach  0.6  blunt  base  (M6b)  realization  is  shown  in  Fig. 
6.  As  noted  in  the  figure,  only  every  other  vector  from 
the  actual  data  set  is  plotted  for  the  sake  of  clarity.  The 
raw  PIV  data  shown  have  a  limited  number  of  invalid 
vectors  which  have  been  removed.  This  is  necessary  in 
the  application  of  PIV  since  photographic 
imperfections,  lack  of  particle  images  at  a  particular 
location,  and  other  random  factors  cause  a  small 
percentage  of  invalid  measurements  which  must  be 
corrected  during  processing.  This  is  done  automatically 
in  software  which  scans  the  raw  velocity  field  and  uses 
an  algorithm  requiring  satisfaction  of  both  absolute 
velocity  limits  and  velocity  gradient  limits  in  the 
flowfleld  for  acceptance  of  data.  The  raw  velocity 
realizations  used  in  this  study  had  anywhere  from  92% 
to  98%  valid  data  which  is  comparable  to  reported  PIV 
data  validation  rates  in  the  literature.  The  missing  data 
are  then  filled  in  from  neighboring  data  by  a  two- 
dimensional  linear  intopoladon  method*^.  Finally,  the 
vector  field  is  smoothed  by  convolution  with  a 
Gaussian  kernel*'*  to  eliminate  random  noise  caused  by 
image  imperfections,  video  noise,  and  other  factors. 
The  kernel  convolution  is  the  analog  of  a  low-pass 
digital  filter,  only  in  two  dimensions.  The  resulting 
smoothed  velocity  vector  field  corresponding  to  Fig.  6 
is  shown  in  Fig.  7.  This  step  is  crucial  when  spatial 
differentiation  is  to  be  performed  on  the  vector  field  to 
derive  quantities  such  as  vorticity,  since  any  high 
frequency  random  error  will  be  accentuated  by 
differentiation. 

In  order  to  analyze  vortex  location  and  strength,  the 
out-of-plane  vorticity 


was  computed  for  each  flowfleld  realization.  This  was 
done  by  central  differencing  of  the  original  velocity  data. 
A  color  plot  of  vorticity  with  overlaid  velocity  vectors 
corresponding  to  Figs.  6  and  7  is  shown  in  Fig.  8. 
These  data  present  a  new  capability  for  quantitatively 
analyzing  separated  compressible  flow  structure  which 
has  to  this  point  been  impossible.  One  of  the  notable 
features  in  Fig.  8,  which  holds  for  all  realizations  at  all 
experimental  conditions,  is  the  significant 
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fragmentation  of  the  vortices  as  they  shed  from  the 
separated  shear  layers  at  the  aft  edge  of  the  base.  This  is 
indicative  of  the  high  level  of  boundary  layer  turbulence 
prior  to  separation  and  its  effect  on  the  turbulent 
structure  of  the  wake.  This  is  confirmed  by  boundary 
layer  turbulence  intensity  measurements  of  up  to  S% 
using  LDV^^,  and  fast  response  pressure  measurements 
made  in  the  wake  by  Kraiswyk  and  Dutton^  which 
showed  a  broad  range  of  spectral  density  peaks  along 
with  the  strongest  peak  at  the  vortex  shedding 
frequency,  indicating  the  superposition  of  the  vortex 
street  on  a  random  turbulent  flowHeld.  Turbulence 
energy  is  therefore  transferred  in  the  wake  from  the  large 
scale  vortices  to  smaller  scales,  causing  the  gradual 
breakdown  of  distinct  vortices  as  they  travel 
downstream. 

Vorticity  Statistics 

As  mentioned  earlier,  previous  theories  regarding 
the  mechanism  of  base  cavity  drag  reduction  all  hinge 
on  some  modification  of  vortex  strength  and/or 
position.  For  this  reason,  it  is  desirable  to  use  the 
vorticity  data  now  available  to  examine  vortex  path  and 
strength,  both  with  and  without  base  cavities.  Due  to 
the  turbulent  nature  of  the  flowHeld  and  the  resulting 
vortex  fragmentation  discussed  previously,  it  is  rather 
difficult  to  select  a  particular  location  for  each  vortex  in 
an  instantaneous  realization.  Therefore,  a  statistical 
method  was  adopted  to  estimate  vortex  path  and 
strength.  Due  to  the  alternate  shedding  of  the  wake 
vortices,  successive  vortices  have  peak  vorticity  values, 
0)z>  of  alternating  sign,  causing  the  mean  vorticity  to 
go  to  zero  where  the  opposing  vortex  paths  overlap. 
Since  only  the  vorticity  magnitude  is  necessary  for  the 
determination  of  vortex  strength  and  path,  it  was  decided 
to  derive  the  root  mean  square  (RMS)  vorticity  for  each 
experimental  case,  which  is  defined  at  each  flowfield 
location  (x,  y)  by 


where  the  index  i  represents  each  individual  realization 
for  the  experimental  case  of  interest  and  N  is  the  total 
number  of  realizations,  or  IS. 

The  results  for  the  M4b,  M4c,  M6b,  and  M6c  cases 
are  shown  in  Fig.  9.  These  plots  show  the  region 
within  approximately  one  base  height  of  the  aft  edge  to 
concentrate  on  the  notable  features.  Although  some 
data  scatter  is  present  due  to  the  turbulence  level  and 
limited  ensemble  size,  these  plots  do  reveal  useful 


information  about  cavity  effects.  One  of  the  first 
noticeable  features  is  the  presence  of  the  free  shear 
layers  at  each  separation  point  and  their  extension  into 
the  wake.  At  a  point  less  than  half  of  a  base  height 
downstream,  they  rapidly  lose  strength,  indicating  the 
mean  location  at  which  free  vortices  break  off  into  the 
wake,  or  the  vortex  formation  location.  Lines  have 
been  included  on  the  plots  to  identify  the  mean  shear 
layer  location,  shape,  and  length.  Each  line  was 
detomined  by  a  curve  fit  to  the  peak  vorticity  values  in 
the  shear  layer,  with  the  line  terminating  at  the  point 
where  the  vorticity  drops  below  67%  of  the  maximum 
scale,  or  67,000  s*^  for  the  M4b  and  M4c  cases,  and 
100,000  s‘^  for  the  M6b  and  M6c  cases.  This  allows  a 
relative  comparison  of  the  shear  layer  lengths  between 
all  four  cases. 

Table  3  shows  the  average  shear  layer  length  and 
the  transverse  separation  distance  of  the  shear  layer 
midpoints  for  each  case  shown  in  Fig.  9.  Although  the 
average  shear  layer  length  is  0.6  mm  shorter  for  the 
M6c  case  than  the  M6b  case,  the  difference  of  0.1  mm 
is  not  significant  for  the  Mach  0.4  cases.  The 
asymmetry  in  the  shear  layers  propagating  from  the 
upper  and  lower  base  comers  for  a  given  case  also 
prevents  drawing  any  frrm  conclusion  of  a  change  in 
vortex  formation  location  due  to  the  cavity,  although 
wake  static  pressure  data  were  used  by  Kruiswyk  and 
Dutton^  to  conclude  that  vortex  formation  occurs 
further  downstream  due  to  the  cavity  for  a  Mach  0.4 
freestream  velocity. 

Figure  9  does,  however,  reveal  that  the  angle  of 
convergence  of  the  shear  layers  toward  the  transverse 
centerline  q)pears  steepo*  for  the  base  cavity  cases  than 
for  the  blunt  base.  There  may  also  be  a  slight  increase 
in  shear  layer  curvature,  although  it  is  difficult  to 
determine  conclusively.  Increased  shear  layer  curvature 
would  indicate  a  larger  pressure  gradient  across  the  shear 
layer,  which  would,  in  turn,  imply  that  the  cavity 
causes  lower  mean  static  pressure  in  the  region  just 
inside  the  shear  layer  and  just  past  the  separation  point 
However,  this  must  be  only  a  local  effect  confined  near 
the  shear  layer,  since  the  cavity  has  been  shown  in 
previous  research  to  increase  the  mean  pressure  at  the 
base  surface,  which  is  upstream  of  the  shear  layers 
inside  the  cavity. 

Convergence  of  the  shear  layers  causes  the 
transverse  separation  distance  between  the  two  shear 
layers  to  be  reduced  at  their  endpoints  (see  Table  3), 
explaining  the  increase  in  shedding  frequency  observed 
by  Kruiswyk  and  Dutton^  for  the  base  cavity  (see  Table 
1).  As  stated  by  Fage  and  Johansen^^,  the  shedding 
frequency  in  a  vortex  street  is  inversely  proportional  to 
the  separation  distance  of  the  shear  layers  in  the  wake. 
When  the  shear  layer  separation  is  reduced  in  the  base 
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cavity  wake  due  to  convergence,  it  follows  that  the 
shedding  frequency  increases. 

In  examining  the  vortex  path  just  downstream  of 
the  shear  layers,  reduced  vortex  strength  due  to  the  base 
cavity  can  be  seen  in  Fig.  9  for  both  fireestream  Mach 
numbers.  In  an  effort  to  quantify  this  result,  the 
spatially  averaged  RMS  voiticity  was  calculated  for  each 
case  in  Fig.  9  over  a  region  extending  between  the  two 
shear  layer  endpoints  (in  the  transverse  direction)  and 
extending  from  the  longest  shear  layer  endpoint  to 
1.5  mm  downstream  of  that  endpoint  (in  the 
streamwise  direction).  This  region  was  chosen  to 
uniformly  cover  the  initial  vortex  path  for  each  case. 
The  results  are  shown  in  Table  4.  Although  the  data 
scatter  in  Fig.  9  makes  small  differences  difficult  to 
determine  visually,  the  data  in  Table  4  show  that  the 
average  RMS  vorticity  level  is  indeed  reduced  by  the 
cavity  for  both  fireestream  Mach  numbers,  implying  a 
small  decrease  in  vcntex  strength. 

Finally,  any  effect  of  the  base  cavity  on  mean 
vortex  path  is  not  clear  from  Fig.  9,  although  it  is 
evident  that  turbulence  causes  the  vortex  path  to  be 
somewhat  random,  since  the  RMS  vorticity  magnitude 
peaks  are  widely  scattered  in  the  wake  fev  all  cases. 

The  effects  of  increasing  Mach  number  on  the  shear 
layers  include  a  small  increase  in  shear  layer  separation 
(see  Table  3)  which  seems  to  be  caused  by  a  reduction 
in  both  the  initial  convergence  angle  and  the  curvature 
of  the  shear  layers,  and  can  be  attributed  to  increased 
streamwise  momentum  in  the  fluid  stream  outside  the 
wake.  The  shear  layers  are  also  extended  by 
approximately  1  mm  for  the  Mach  0.6  fireestream  cases 
versus  Mach  0.4,  causing  the  vortex  formation  to  occur 
further  downstream  of  the  base  edge.  However,  any 
change  in  vortex  path  downstream  of  the  shear  layers 
due  to  the  increase  in  fireestream  velocity  is  not  evident 
firom  these  data.  Displacement  of  the  vortex  formation 
location  further  downstream  of  the  base  would  serve  to 
explain  the  reduced  effectiveness  of  the  cavity  at  higher 
Mach  number  as  shown  by  Kruiswyk  and  Dutton^  (see 
Table  1).  As  the  vortices  form  further  away  firom  the 
base  at  higher  Mach  number,  their  effect  on  the  pressure 
at  the  base  surface  is  reduced,  causing  any  modification 
of  the  vortex  street  due  to  the  cavity  to  have  less 
relative  effect  cm  the  base  pressure. 

Instantaneous  Wake  Structure 

Further  information  on  base  cavity  wake  effects  can 
be  obtained  by  comparing  the  instantaneous  wake 
structure  for  the  blunt  base  and  base  cavity  at  a  similar 
point  in  the  vortex  shedding  cycle.  For  each  freestream 
velocity  condition,  realizations  were  selected  firom  the 
two  base  configurations  with  closely  matching  vortex 
locations  in  the  near-wake.  Velocity  vector  plots  for 


the  best  match  from  the  M4b  and  M4c  cases  are  shown 
in  Fig.  10,  with  plots  from  the  M6b  and  M6c  cases 
shown  in  Fig.  11.  As  in  Figs.  6-8,  these  velocity 
vector  plots  show  only  every  other  vector  in  each 
direction  for  the  sake  of  clarity.  It  is  evident  from  Figs. 
10  and  11  that  for  each  pair  of  realizations,  the  center 
stagnation  point  of  the  first  vortex  downstream  of  the 
base  matches  to  within  1  mm  in  each  direction. 

Each  of  these  realizations,  along  with  others  not 
shown  here,  indicates  that  the  circulating  region  around 
a  fully  formed  vortex  entering  the  wake  covers  most  of 
the  base  height,  which  is  confirmed  by  the  results  of 
Kruiswyk  and  Dutton^.  However,  in  both  Figs.  10  and 
11,  a  significant  difference  in  the  vortices  due  to  the 
cavity  is  evident  In  the  presence  of  the  base  cavity,  the 
circulating  region  around  the  fully  formed  vortex  is 
more  extended  in  all  directions,  diffusing  the  vortex 
motion  over  a  larger  region.  Although  velocity  data  are 
available  only  to  within  1  mm  of  the  base  boundary, 
the  vortex  seems  to  extend  partially  into  the  cavity 
boundary  (see  first  column  of  vectors  at  x  =  1  mm  and 
y  =  -7.5  mm  to  7.5  mm  in  Figs.  10  (b)  and  11  (b)), 
but  the  relatively  small  magnitude  of  this  motion  and 
the  distance  of  the  vortex  center  from  the  cavity 
precludes  the  vortex  firom  being  seriously  inhibited  by 
the  cavity  walls.  The  extension  of  the  vortices  partially 
into  the  cavity  is  contirmed  by  tuft  visualization 
experiments  done  by  Kruiswyk  and  Dutton^,  which 
showed  that  short  strands  of  lightweight  thread  hung  at 
the  cavity  boundary  oscillated  back  and  forth  into  the 
cavity  in  the  streamwise  direction,  with  small 
oscillations  in  the  spanwise  direction.  However,  surface 
flow  visualization  experiments  performed  to  determine 
the  interaction  of  the  vortices  with  the  inner  walls  of 
the  cavity  indicated  very  little  fluid  motion  on  the  walls 
(i.e.,  very  small  cavity  wall  shear  stress),  even  near  the 
cavity  boundary.  The  RMS  voiticity  data  obtained  here 
also  show  no  evidence  of  vortex  formation  near  the 
cavity  boundary  (see  Fig.  9),  so  it  is  not  likely  that  the 
vortices  extend  far  enough  into  the  cavity  to  be 
seriously  inhibited  by  the  cavity  walls. 

Another  feature  of  the  vortex  expansion  shown  in 
Figs.  10  and  11  is  that,  with  the  base  cavity,  the 
vortices  extend  far  enough  across  the  wake  to  affect  the 
opposing  shear  layer.  For  example,  in  Fig.  1 1  (b),  the 
fully  formed  vortex  shed  from  the  lower  separation 
point  ciearly  interacts  more  strongly  with  the  upper 
shear  layer  than  is  the  case  for  the  blunt  base  in  Fig.  1 1 
(a). 

To  examine  this  interaction,  the  instantaneous 
vorticity  is  plotted  in  Figs.  12  and  13  for  each  of  the 
four  realizations  shown  in  Figs.  10  and  11.  From  these 
plots,  the  shear  layer  position  can  be  determined,  and  is 
indicated  by  a  line  in  the  same  manner  as  in  Fig.  9. 
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The  fluid  motion  near  the  shear  layers  due  to  vortex 
expansion  across  the  wake  is  also  shown  with  curved 
arrows.  One  effect  from  interaction  of  the  diffused 
vortices  with  the  opposing  shear  layers  is  a  folding  of 
the  shear  layer  region  toward  the  transverse  centerline. 
For  example,  in  Fig.  13  (b),  the  upper  shear  layer  gains 
transverse  momentum  toward  the  centerline  at  locations 
upstream  of  the  vortex  center.  The  subsequent  increase 
in  shear  layer  curvature  and  convergence  angle  in  the 
area  upstream  of  the  vortex  center  is  clearly  evident 
from  both  base  cavity  plots  flower  shear  layer  in  Fig. 
12  (b)  and  upper  shear  layer  in  Fig.  13  (b)).  Evidence 
of  the  vortex  interaction  with  remnants  of  the  shear 
layer  downstream  of  the  vortex  center  is  also  apparent 
with  the  corresponding  motion  away  from  the  transverse 
centerline. 

Another  effect  of  diffused  vortex  motion  is  that 
increased  vorticity  in  the  area  just  inside  of  the  shear 
layers  and  just  downstream  of  Ae  separation  point  can 
reduce  the  local  pressure,  thereby  increasing  the 
curvature  of  the  shear  layer,  an  effect  which  was 
discussed  previously.  However,  increases  in  vorticity 
magnitude  near  the  shear  layers  which  would  be 
associated  with  reduced  pressure  are  not  readily  ^parent 
in  Figs.  12  (b)  and  13  (b). 

The  instantaneous  flow  structure  data  can  also  be 
used  for  comparison  to  the  numerical  simulation  of  this 
flowfield  done  by  Rudy^®.  This  study  used  a  time- 
accurate  simulation  of  the  Navier-Stokes  equations  to 
compute  the  laminar  flow  past  base  models  similar  to 
those  used  in  the  present  experiments,  with  the  only 
difference  being  in  the  transverse  cavity  height,  which  is 
equal  to  90%  of  the  total  base  height  in  the  simulations 
and  80%  of  the  base  height  in  the  present  experiments. 
As  previously  mentioned,  the  simulations  were  done  for 
freestream  Mach  numbers  of  0.4  and  0.6  and  at 
relatively  low  freestream  Reynolds  numbers  (based  on 
freestream  velocity  and  base  height)  of  700  and  962  for 
Mach  0.4  and  Mach  0.6,  respectively. 

Instantaneous  vorticity  plots  have  been  selected 
from  the  Mach  0.6  simulations  that  most  closely  match 
the  stage  of  vortex  development  indicated  by  the 
experimental  results  shown  in  Fig.  13.  The 
simulations  corresponding  to  the  M6b  and  M6c 
experimental  cases  are  shown  in  Figs.  14  (a)  and  (b).  In 
comparing  these  plots  to  Figs.  13  (a)  and  ^),  it  can  be 
seen  that  there  are  some  significant  differences  in  the 
vortex  structure.  The  lack  of  turbulence  in  the 
simulations  and  the  resultant  discrepancy  from  the 
experimental  wake  structure  (lack  of  small-scale 
turbulence  and  vortex  fragmentation)  are  evident  The 
simulations  also  show  that  the  vortices  are  elongated  for 
both  the  blunt  and  cavity  configurations,  especially  for 
the  base  cavity  where  the  vortex  stretches  in  the 


streamwise  direction  as  it  expands  into  the  cavity, 
causing  vortex  motion  far  into  the  cavity.  Additional 
data  from  Rudy^^  also  show  distinct  vortices  forming 
near  the  cavity  boundary  at  the  transverse  center  of  the 
wake.  Although  the  PIV  data  do  not  extend  into  the 
cavity,  the  scale  of  the  fluid  motion  at  the  boundary  and 
the  vortex  formation  location  indicated  by  the 
experiments  do  not  support  these  results.  Rudy 
recognized  the  limitations  of  his  computations  and 
suggested  future  studies  to  include  both  higher  Reynolds 
numbers  and  turbulence  modeling  to  more  accurately 
predict  experimental  results  under  typical  Reynolds 
number  conditions. 

Conclusions  and  Summary 

Analysis  of  the  time-resolved  flowfield  structure  in 
the  turbulent  separated  wake  of  a  base  cavity  has  been 
made  possible  by  implementation  of  a  new  particle 
image  velocimetry  (PIV)  system.  The  data  obtained 
have  shed  light  on  the  effects  of  the  base  cavity  and  on 
the  mechanism  by  which  it  reduces  base  drag. 

The  evidence  presented  indicates  that  the  most 
prominent  effects  of  a  base  cavity  on  the  vortex  street 
wake  are  the  increased  convergence  of  the  sqrarated  shear 
lay^  from  each  base  comer  toward  the  transvase  wake 
centerline  and  the  diffusion  of  vortex  motion  due  to  the 
expansion  of  individual  vortices  partially  into  the  cavity 
and  across  the  near-wake.  The  diffusion  of  the  vortices, 
in  turn,  reduces  their  strength  by  approximately  4%  to 
6%,  although  the  vortices  do  not  form  further  upstream 
due  to  the  cavity  and  are  not  significantly  inhibited  by 
the  cavity  walls.  These  effects  are  seen  at  both 
freestream  conditions  examined  here.  It  is  also  evident 
that  the  effects  are  less  significant  at  higher  freestream 
velocities  due  to  the  extension  of  the  separated  shear 
layers  and  the  movement  of  the  vortex  formation 
location  further  downstream  of  the  aft  edge  of  the  base, 
thereby  reducing  the  effect  of  the  cavity  on  the  vortices. 
These  specific  wake  structure  effects  provide  the 
information  necessary  for  determination  of  the  drag 
reduction  mechanisms  of  base  cavities. 

The  apparent  mechanism  of  the  observed  base 
cavity  wake  modifications  depends  on  the  replacement 
of  the  solid  boundary  of  Ae  blunt  base  with  the 
compliant  fluid  boundary  of  the  base  cavity.  This 
compliant  boundary  allows  greater  expansion  of  vortex 
motion  and  a  resulting  small  increase  in  shear  layer 
convergence  toward  the  transvase  centerline  due  to  the 
interaction  of  each  vortex  on  the  upstream  part  of  the 
opposite  shear  layer.  However,  the  vortex  formation 
location  does  not  occur  any  closer  to  the  aft  edge  of  the 
base  for  the  cavity  case.  These  results  refute  the 
theories  of  Nash  et  al.^.  Pollock^,  Ringleb®,  and 
Wood^,  all  of  which  assume  that  the  vortices  are 


7 


somehow  trapped  or  stabilized  by  interaction  with  the 
inner  walls  of  the  cavity.  The  suggestion  by 
Compton^  and  Morel^  that  a  co-flowing  stream  sheds 
from  the  cavity  wall  is  partially  valid  in  that  there  is 
some  momentary  outflow  from  one  edge  of  the  cavity 
when  vortex  motion  partially  extends  into  the  cavity, 
but  the  magnitude  of  the  motion  seems  to  be  generally 
very  small  and  too  short-lived  to  affect  the  general 
vorticity  level  in  the  shear  layer  prior  to  vortex 
formation.  This  conclusion  is  confirm^  by  the  surface 
flow  experiments  of  Kruiswyk  and  Dutton^  which 
indicate  little  or  no  fluid  motion  on  the  inner  walls  of 
the  cavity.  The  proposal  by  Kruiswyk  and  Dutton^  that 
periodic  fluid  mixing  at  the  cavity  boundary  is 
responsible  for  a  reduction  in  vortex  strength  is  closest 
to  being  in  agreement  with  the  present  results,  since 
some  mixing  must  occur  as  each  vortex  partly  extends 
into  the  cavity,  although  the  reduction  in  vortex 
strength  is  small. 

Aside  from  the  mechanisms  of  wake  modification, 
one  must  consider  the  mechanism  of  the  base  pressure 
increase  and  subsequent  drag  reduction  due  to  base 
cavities.  It  is  true  that  the  effects  described  above 
modify  and  slightly  weaken  the  vortex  street,  which,  in 
turn,  should  slightly  increase  the  pressure  in  the 
vicinity  of  the  vortices  in  the  near-wake.  However,  the 
wake  structure  changes  are  relatively  small  and  the 
vortex  formation  location  and  path  are  not  significantly 
modified.  Without  a  significant  change  in  the  strength 
or  location  of  the  vortices  in  the  near- wake  due  to  the 
base  cavity,  it  seems  that  the  most  significant  factor 
affecting  the  base  pressure  is  the  physical  displacement 
of  the  base  surface  within  the  cavity  to  a  position 
upstream  of  the  wake,  where  it  does  not  interact  with 
the  low  pressure  vortices.  This  is  the  conclusion  drawn 
by  Rudy^®,  although  his  numerical  simulations  showed 
the  vortices  extending  far  into  the  cavity  with 
corresponding  effects  on  the  wake  structure. 

In  summary,  the  drag  reduction  mechanism  of  a 
base  cavity  in  subsonic  flow  is  the  physical 
displacement  of  the  base  surface  away  from  the  vortex 
street  wake,  which  is  only  slightly  modified  by  the 
presence  of  the  cavity. 
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Table  1  Base  pressure  and  shedding  frequency  effects  due  to  base  cavity 
(taken  from  Kruiswyk  and  Dutton^) 


Fieestream 

Mach  No.  (M.) 

iTeesttcam 
Reynolds  No.  (Re.,) 

Base  Pressure  Coefficient  (Cp) 
Increase,  % 

StiDuhal  No.  (St) 
Increase,  % 

0.4 

1.36  X  105 

14.1 

6.53 

1.82  X  105 

9.8 

3.65 

2.09  X  105 

10.3 

2.57 

Table  2 

Experimental  conditions 

Freestream 

Reference 

Base 

Freesoeam 

Mach  No.  (M,.) 

Mach  No.  (Mfcf) 

Configuration 

Reynolds  No.  (Re,.) 

Notation 

0.4 

0.49 

blunt 

1.36  X  105 

M4b 

0.4 

0.49 

half-height  cavity 

1.36  X  105 

M4c 

0.74 

blunt 

1.82  X  105 

M6b 

0.6 

0.74 

half-height  cavity 

1.82  X  105 

M6c 

0.8 

0.88 

blunt 

2.09  X  105 

M8b 

0.8 

0.88 

half-height  cavity 

2.09  X  105 

Table  3  Base  flow  shear  layer  length  and  separation 


Experimental 

Case 

Avoage  Shear  Lays’ 
Streamwise  Lsigth 
(mm) 

Cavity 
%  Change 

Shear  Layer  Endpoint 
Transverse  Separation 
(nun) 

Cavity 

%Giange 

M4b 

6.9 

— 

13.0 

— 

M4c 

6.8 

-1.4 

12.5 

-3.8 

M6b 

8.0 

— 

13.5 

— 

M6c 

7.4 

-7.5 

12.8 

-5.2 

Table  4  Base  flow  near-wake  vortex  strength 


Experimental 

Case 

Spatially  Avsaged  RMS  Vorticity 
s*^ 

Cavity 
%  Change 

M4b 

42590 

— 

M4c 

40890 

-4.0 

M6b 

66120 

— 

M6c 

62490 

-53 
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Figures 


FLOW 


Fig.  1  Typical  two-dimensional  base  cavity 
and  subsonic  vortex  street  wake 


slotted 
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Fig.  2  Base  flow  test  section 
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Fig.  6  M6b  raw  velocity  vectors 
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Fig.  7  M6b  interpolated  and  smoothed  velocity  vectors 
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Fig.  10  Instantaneous  flow  structure  comparison:  M«=0.4  velocity  vectors 
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Figure  11  Instantaneous  flow  structure  comparison:  velocity  vectors 
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Abstract 

An  experimental  investigation  of  the  near- 
wake  flowfield  downstream  of  a  conical  boattailed 
afterbody  in  supersonic  flow  is  presented.  The 
afterbody  investigated  is  typical  of  those  for 
conventional  boattailed  missiles  and  projectiles  in 
unpowered  flight  Flow  visualization,  mean  static 
pressure  measurements,  and  three-component  ia!w 
Doppler  velocimeter  data  have  been  obtained 
throughout  the  near-wake  of  the  body.  The  effects  of 
afterbody  boattailing  on  the  physics  of  the  near-wake 
flow  are  determined  by  comparing  the  present 
with  similar  data  obtained  on  a  cylindrical  afterbody. 
Results  indicate  that  a  net  afterbody  drag  reduction  of 
21%  is  achieved  with  the  current  brattailed  afterbody 
for  an  rqrproach  Mach  number  of  2.46.  The  shear 
layer  growth  rate,  and  therefore  mass  entrainment 
from  the  recirculation  region  behind  the  base,  is 
shown  to  be  significantly  reduced  by  afterbody 
brattailing  due  to  the  reduction  in  turbulence  levels 
throughout  the  near-wake  as  compared  to  the 
cylindrical  afterbody. 

Introdiiftimi 

Modem  missiles  and  projectiles  can  suffer 
significant  amounts  of  drag  during  transonic  and 
supersonic  flight  due  to  the  low  pressure  acting  on  the 
rear  of  the  body.  Generally  termed  base  drag,  the 
pressure-area  force  acting  on  the  base  of  a  typical 
flight  vehicle  can  make  up  a  substantial  pordra  of  the 
total  drag  in  many  instances,  especially  for  missiles 
or  projectiles  in  unpowered  flight  where  a  high 
pressure  propulsive  jet  is  absent^  In  fact,  the  base 
drag  on  the  Space  Shuttle  Cblumbia  has  been  shown 
to  be  approximately  50%  of  the  total  orbitm-  drag 
during  reentry .2  Throughout  the  last  three  decades, 
several  methods  to  reduce  base  drag  have  been 
developed  including  afterbody  boattailing,  base 
bleed,  base  cavities,  and  base  burning.  The  simplest 
of  these  to  implement  in  practice  is  afterbody 
boattailing  which  generaUy  involves  only  a  slight 

*GTaduate  Research  Assistant;  Ctnrently  enqtloyed  as 
a  National  Research  Council  Associate  at  the  NASA 
Langley  Research  Center,  Member  AIAA 
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modification  to  the  afterbody  surface  angle  with  the 
payoff  being  a  higher  base  pressure  (reduced 
afterbody  drag).  Addy  and  Whi^  have  shown  that 
conical  boattails  (constant  afterbody  surface  angif 
prior  to  separation)  can  reduce  the  net  afterbotfy  drag 
by  up  to  30%  from  that  on  a  cylindrical  afterbody  (^ 
«  O’)  in  unpowered,  supersraic  flight  Although  the 
global  benefits  (i.c„  drag  reduction)  of  afterbody 
boattailing  have  been  well  established  for  different 
boattail  angles,  Mach  numbers,  and  Reynolds 
numbem  (c.g..  Refs.  4-7),  detailed  studies  of  the  fluid 
dynamic  effects  in  the  near-wake  due  to  afterbody 
boattailing  have  not  previously  been  conducted.  An 
increased  understanding  of  the  flow  physics  in  the 
base  region  is  essentihl  as  new  methods  are 
developed  to  further  reduce  net  afterbody  drag  on 
practical  flight  vdiicles. 

The  near-wake  flowfield  of  an 
axisymmetric,  brattailed  afterbody  in  a  uniform 
supersonic  flow  is  sketched  in  Figure  1.  Several 
complicated  fluid  dynamic  phenomena  exist  in  the 
flowfield  including  the  nqtid  expansion  of  the 
^ulent  boundary  layer  at  the  body-boattail 
junction,  geometric  boundary  layer  separation  at  the 
base  comer,  growth  of  the  compressible  shear  layer, 
and  reattachment  along  the  axis  of  symmetry. 
Obviously,  the  effects  on  the  near-wake  of  arising  a 
boattail  to  a  cylindrical  afterbody  stem  ftrai  the 
change  in  initial  conditions  at  the  base  comer 
separation  point  which  include  a  higher  fteestream 
Mach  number,  non-zero  local  flow  angle,  and  non- 
ZCTO  pressure  gradient  due  to  the  axisymmetric 
compression  effect  vdiich  occurs  on  the  boattail  as 
the  flow  qtproaches  the  axis  of  symmetry.  In 

addition,  the  presence  of  the  boattail  alters  the  state  of 

the  turbulent  boundary  layer  by  the  rapid  expansion 
at  the  body-boattail  junction  and  by  the  adverse 
pressure  gr^ent  rathe  boattail  surface.  As  will  be 
shown  in  this  psqjer,  the  outer  inviscid  flow  over  the 
brattail  can  be  adequately  predicted  by  the 
-  axisymmetric  mediod  at  characteristics;  however,  the 
boundary  layer  develqpmrat  along  the  boattail  up  to 
the  sqiaration  point  is  much  mae  difficult  to  predict. 
In  addition,  the  mean  and  turbulent  diaracteristics  of 
the  boundary  layer  at  separation  play  an  important 
role  in  determining  the  initial  structure  of  the 
s^arated  shear  layer  and,  therefore,  the  turbulent 
mixing  and  mass  entrainment  rates  in  the  near-wake. 
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Several  authors  have  shown  that  rapid 
expansions  (such  as  those  at  the  body-boattail 
junction  and  base  comer)  can  significantly  distort  the 
mean  and  turbulence  characteristics  of  an  attached 
turbulent  boundary  layer.  Hampton  and  White^ 
found  a  significant  distortion  in  the  mean  velocity 
profiles  downstream  of  a  variety  of  centered 
expansions  in  supersonic  flow.  These  authors  noted 
the  possibility  that  the  distorted  post-expansion 
boundary  layer  could  have  a  significant  effect  on  the 
sqraration  characteristics,  shear  layer  growth  rates, 
and  reatiachment  processes  for  boattailed  afterbodies, 
the  effect  being  greater  for  larger  boattail  angles.  It 
has  also  been  established  that  rapid  expansions 
reduce  the  turbulence  levels  in  compressible 
boundary  layers. Araette  et  al.^*  used  filtered 
Rayleigh  scattering  recently  to  show  that  the  strong 
dilatation  effect  associated  with  the  rt^d  expansion 
of  a  compressible  boundary  layer  increases  the  scale 
of  the  turbulent  structures  present  in  the  appiroach 
boundary  layer.  In  addition,  the  small  scale 
turbulence  near  the  wall  was  shown  to  recover  more 
quickly  from  the  effects  of  the  expansion  than  the 
relatively  large  scale  motion  in  the  outer  region  of  the 
boundary  layer.  The  efiect  of  the  strong  expansion  at 
the  body-boattail  junction  on  the  afterbody  boundary 
layer  and,  hence,  on  the  initial  conditions  to  the  near- 
wake  flowfield  has  generally  been  ignored  in 
previous  investigations  of  boattailed  afterbody 
flowfields. 

Tlie  primary  objective  of  tiie  present 
research  is  to  investigate  the  fluid  dynamic  effects  of 
afterbody  boattailing  on  axisymmetric  bodies  in 
supersonic  flow  in  an  effort  to  ^ed  new  light  on  die 
mechanisms  associated  with  the  increase  in  base 
pressure  (reduced  afterbody  drag)  relative  to  the 
cylindrical  afterbody  case.  To  this  end, 
schlieren/shadowgrtqih  photogrrqihy,  static  pressure 
measurements,  and  three-component  laser  Doppler 
velocimetry  (LDV)  data  have  been  obtained 
throughout  the  near-wakes  of  both  a  cylindrical 
afterbody  and  a  boattailed  afterbody.  The  data 
obtained  downstream  of  the  cylindrical  afterbody 
have  been  presented  elsewhere^^;  in  this  paper, 
measurements  with  the  boattailed  afterbody  are 
presented  and  comparisons  to  the  cylindrical 
afterbody  case  are  made  to  determine  the  fluid 
dynamic  effects  of  adding  a  conical  boattail  to  a 
cylindrical  afterbody.  In  addition,  a  complete 
documentation  of  the  mean  velocity  and  turbulence 
fields  throughout  the  near-wake  of  a  boattailed 
afterbody  will  provide  a  valuable  data  base  to  which 
analytical  and  numerical  modelers  of  base  flows  can 
compare  solutions. 


ETPerim^nhil  ITartlttv  and  Tnrtnimentartnn 
The  experiments  described  herein  were 
conducted  in  the  axisymmetric  wind  turmel  facility  at 
the  University  of  Illinois  Gas  Dynamics  Laboratoy. 
A  detailed  description  of  the  axisymmetric  wind 
tunnel  and  its  use  for  the  study  of  supersonic, 
axisymmetric  afterbody  flows  has  been  given  by 
Herrin  and  Dutton.^^  The  mean  Mach  number 
approaching  the  afterbody  is  2.46,  the  unit  Reynolds 
number  is  52  (10®)  per  meter,  and  the  measured 
fieestream  turbulence  intensity  is  less  than  1%. 
Physical  sqrport  for  the  afterbody  is  provided  by  a 
cylindrical  sting  of  radius  R©  »  31.75  mm  which 

extends  upstream  throu^  die  ixrzzle  in  order  to  avoid 
any  flow  disturbances  in  the  near-wake.  The  boattail 
chosen  for  the  present  study  has  a  conical  sh^  with 
an  angle,  P,  relive  to  the  horizontal  of  5  degrees  and 
an  axial  length.  Lb,  of  31.75  mm  (0.5  caliber). 
Maise^^  has  shown  that  the  optimal  boattail 
(Le.,  shape  yielding  minimum  afterbody  drag)  is 
essentially  conical  at  moderate  supersonic  Mach 
numbers  for  typical  boattail  lengths.  In  addition,  the 
boattail  angle  chosen  is  near  the  optimal  angle  given 
by  Addy  and  White^  for  minimum  total  afterbody 
drag  at  Mach  2.5. 

Conventional  schlieren  and  shadowgrsqih 
photograidiy  were  used  to  investigate  the  overall 
structure  of  the  near-wake  flowfield.  These 
photogrtqphs  were  of  only  moderate  quality  due  to  the 
axisymmetric  nature  of  the  flow,  but  they  were  used 
successfully  to  confirm  the  mean  flowfield  skMchfn] 
in  Figure  1.  Surface  oil-streak  visualization  cm  the 
base  surface  was  used  to  document  the  symmetry  of 
the  near-wake  flowfield.  By  combining  motor  oU 
(lOW-30)  with  a  black  pigment  and  then  applying  it 
to  the  base  in  small  drops,  tiie  oil-streak  pattern 
during  a  wind  tunnel  blowdown  was  found  to  be  a 
very  sensitive  indicator  of  flow  symmetry  at  the  base. 

Mean  static  pressure  measurements  were 
made  on  the  afterbody  and  base  surfaces  with  a 
Pressure  Systems  Inc.  digital  pressure  transmitter 
(DPT  6400-T).  Seventeen  taps  (0.64  mm  in 
diameter)  were  located  symmeiric^y  across  the  base 
at  radial  intervals  of  3.18  mm  in  order  to  assess  the 
radial  dqiendence  of  the  time-averaged  base  pressure. 
In  addition,  14  taps  (0.64  mm  in  diameter)  were 
located  on  the  afterbody  surface  to  document  the 
'mean  static  pressure  field  iqiproaching  and  along  the 
boattail.  The  afterbody  t^s  were  sqiarated  axially 
by  3.18  mm  such  that4  tips  were  located  upstream  of 
the  body-boattail  junction  and  10  uqrs  were  Incated 
axially  along  the  boattail 

The  primary  experimental  tool  used  in  the 
current  suidy  was  a  two-component  LDV  system  with 
frequency  shifting,  which  was  used  to  measure  the 
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near*wake  velocity  field.  The  optical  atrangement 
and  system  setup  are  identical  to  that  used  in  the 
cylindrical  afteilxKiy  case.^^  The  measurement 
volume  diameter  and  length  are  t^roximately  120 
pm  and  700  pm.  respectively.  Data  were  obtained  in 
two  perpendicular  planes  (horizontal  and  vertical) 
each  intersecting  the  axis  of  symmetry.  In  the 
vertical  plane,  the  two^omponent  LDV  system 
measures  axial  (u)  and  radial  (Vf)  velocities,  while  in 
the  horizontal  plane,  the  system  measures  axial  and 
tangential  (vt)  velocities.  Hence,  two  independent 
planes  of  LDV  data  in  the  near-wake  were  obtained 
fiom  which  three  mean  velocities,  three  Reynolds 
normal  stresses  (a^,  ,  and  ),  and  two  of 

three  Reynolds  shear  stresses  (<u'vr^>  and  <u'vt'>) 
were  determined.  The  LDV  measurement  grid 
consisted  of  ^proximately  1300  spatial  locations 
concentrated  in  regions  of  large  velocity  gradients 
(e.g.,  separated  shear  layer).  An  error  analysis  of  the 
LDV  data  acquisition  procedure  was  used  to  estimate 
a  worst-case  uncotainty  in  the  mean  velocity  of  1.2% 
of  Ui  and  in  the  root-mean-square  velocity 
fluctuation  of  2.3%  of  Ui,  where  Ui  »  567  m/s  is  the 
mean  freestream  velocity  approaching  the  afterbody. 

Rgsiilte 

Pressure  Measurements 

The  static  pressure  distribution  along  the 
boattailed  afterbody  is  shown  in  Figure  2  along  widi  a 
method  of  characteristics  solution  for  irrotational, 
axisymmetric  flow.  The  sharp  decrease  in  pressure 
through  the  expansion  at  the  body-boattail  junction 
(located  at  x/R^  a  -1.0,  where  x  is  the  axial  distance 
from  the  base  comer)  is  clearly  evident  The 
experimental  data  ate  shown  to  reka  gradually  to  the 
pr^cted  pressure  field  downstream  of  the  expansion 
such  that  near  the  base  comer  (x/Rq  =  0.0)  the 
agreement  between  experiment  and  computation  is 
quite  good.  The  experimental  pressure  distribution 
shown  in  Figure  2  was  numericaUy  integrated  along 
the  boattail  using  a  trtqrezoid  rale  technique  to 
determine  an  area-averaged  boattail  drag  coefficient 
(referenced  to  the  projected  boattail  surface  area  in 
the  axial  direction)  of  Cp  -  0.0S6.  For  ctunparison, 
the  integrated  method  of  (maracteristics  profile  yields 
an  average  boattail  drag  coefficient  of  0.061, 
which  is  slightly  higha*  than  the  mcpoimental  result 
because  of  the  rapid  drop  in  pressure  predicted  at  the 
body-boattail  junction. 

The  measured  static  pressure  distribution 
across  the  base  of  the  boattailed  afterbody  is  shown  in 
Figure  3  along  with  similar  data  obtained  for  the 
cylindrical  aflerbody.^2  jn  general,  the  two  profiles 
are  very  similar  with  a  slight  increase  in  base  pressure 
with  increasing  radius;  however,  the  overall 


magnitudes  of  the  pressure  coefficient  are 
substantially  lower  on  the  boattailed  afterbody 
(reduced  afterbody  drag).  The  pressures  at  the  outm* 
edge  of  the  base  may  be  higher  than  at  the  center  due 
to  the  severe  streamline  curvature  which  undoubtedly 
occurs  near  diis  region.  As  the  low-speed  fluid 
flowing  radially  outward  at  the  base  becomes 
entrained  by  the  high-speed  shear  layer  near  the 
comer,  a  change  in  flow  direction  in  excess  of  90 
degrees  results;  for  this  reason,  the  static  pressure 
imposed  near  the  base  comer  should  be  inrmaifftd 
when  compared  to  the  pressure  at  the  center  of  the 
base. 

The  base  pressure  distributions  shown  in 
Figure  3  were  numerically  integrated  using  a 
trqtezoid  rule  technique  to  obtain  area-averaged  base 
dr^  coefficients  of  0.086  and  Cp  b 

0.102  for  the  boattailed  and  cylindrical  afterbodSes, 
respectively.  When  examining  the  benefits  of 
afterbody  boattailing  relative  to  a  cylindrical 
afterbody,  the  net  afteibotfy  drag  coefficients  (boattail 
■t- base)  must  be  compared.  For  the  inesent  boattailed 
afterbody,  the  net  afterbody  drag  coefficient 
(referenced  to  the  afterbody  cross-sectional  area 
iq)stieam  of  die  boattaiL  xRo^)  was  determined  to  be 
Cp^s  0.081.  For  the  cylindrical  afterbody,  the  only 
contribution  to  the  net  afterbody  form  drag  is  fiom 
the  base,  Cp  =  0.102.  A  ctunparison  of 

the  net  afierbMy  drag  coefficients  for  each  afterbody 
shows  a  21%  reduction  in  drag  due  to  afterbody 
boattailing.  This  result  compares  well  with  the  rfata 
of  Rubin  et  al.^  who  measured  a  drag  reduction  of 
25%  in  a  study  of  a  similar  geometry  and  flow 
conditions.  From  the  data  presented  above,  it  is 
obvious  that  afterbody  boattailing  is  an  effective 
method  to  reduce  net  afterbody  drag  on  axisymmetric 
bodies  in  stpersonic  flight  The  fluid  dynamic  effects 
associated  with  the  drag  reduction  (increase  in  base 
pressure)  have  bemi  investigated  in  the  current  study 
with  detailed  LDV  measurements  throughout  the 
near-wake  flowfield.  These  measurements  are 
described  below. 

Velocity  Measurements 
Approach  Flov/field 

Mean  velocity  and  turbulence  data  have 
been  obtained  ipstream  of  the  base  comer  along 
■  thirteen  traverses  normal  to  the  afterbody  surface. 
These  data  are  used  to  fully  document  the  appmarh 
conditions  to  the  near-wake  flowfield  as  weU  as  to 
detomine  the  ^ects  (rf  the  centered  expansion  at  the 
body-boattail  junction  on  the  characteristics  of  the 
turbulent  boundary  layCT  immediately  upstream  of 
separation.  The  mean  streamwise  vdodty  profiles  at 
five  axial  locations  upstream  of  the  base  comer  are 
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plotted  in  conventional  wall  coordinates  in  Figure  4 
(data  from  only  five  of  the  thirteen  traverses  are 
shown  in  the  figure  to  avoid  overcrowding).  By 
comparing  the  data  obtained  upstream  of  the  body- 
boattail  junction  (represented  by  the  filled  symbols  in 
the  figure)  to  those  obtained  at  successive  axial 
locations  along  the  boattail,  the  expansion  at  the 
body-boattail  junction  is  shown  to  reduce  the  outer 
wake  of  the  original  undisturbed  boundary  layer  and 
to  cause  a  gradual  reduction  in  the  slope  of  the  log 
region.  Relaxation  of  the  mean  velocity  downstream 
of  the  body-boattail  junction  tqrpears  quite  r^id 
initially,  but  the  general  shape  of  the  profiles  qrpears 
to  be  slowly  evolving  even  at  the  1^  axial  station 
prior  to  separation  at  the  base  comer  (x/Ro  =  -0.06). 
These  results  are  similar  to  those  given  by  Dussauge 
and  Gaviglio^  who  showed  that  the  boundary  layer 
downstream  of  a  sudden  expansion  recovers  quickly 
at  first  with  significant  changes  in  the  mean  profile 
occurring  within  the  first  10  boundary  layer 
thicknesses  downstream  of  the  expansion  (tlus 
corresponds  to  the  length  of  the  boattail  in  the  present 
case);  a  complete  recovery  of  the  mean  velociQr  and 
turbulence  profiles  across  the  boundary  layer 
generally  requires  a  substantially  longer  distance. 

The  mean  boundary  layer  velocity  profile 
immediately  upstream  of  the  base  comer  (x/Ro  = 
-0.06)  is  replotted  in  Figure  5  with  a  curve  fit  fw 
compressible,  turbulent  boundary  layers  given  by  Sun 
and  Childs.  The  integral  boundaiy  layer  properties 
as  determined  fiom  the  curve  fit  are  imptmant  initial 
conditions  to  the  near-wake  flowfield  and,  therefore, 
are  also  included  in  the  figure.  The  good  agreement 
between  the  experimental  data  and  the  curve  fit 
suggests  that  the  boundary  layer  has  nearly  recovered 
(in  the  mean  velocity  sense)  fiom  the  expansion  at  the 
body-boattail  junction  and  is  ^rproximately  in 
equilibrium  prior  to  separation  (note  that  this  "new" 
equilibrium  state  is  different  than  that  existing 
upstream  of  the  body-boattail  junction).  In  the 
present  case,  the  boundary  layer  thickness,  5,  is 
approximately  15%  of  the  base  radius  such  that 
axisymmetric  effects  on  the  boundary  layer  due  to 
lateral  surface  curvature  are  generally  quite  weak. 
The  values  shown  in  Hgure  5  for  the  diape  factor 
(H),  wake  strength  parameter  (11),  and  skin  friction 
coefficient  (Cf)  fall  within  the  ranges  established  by 
previous  investigators  for  emtilibrium,  compressible, 
turbulent  boundary  layers.^^  The  fieestream  Mach 
number  and  unit  Reynolds  number  immediately 
upstream  of  the  base  comer  take  values  of  2.61  and 
47  (10®)  per  meter,  respectively. 

Although  the  mean  velocity  in  the  boundary 
layer  recovers  fairly  quickly  from  the  expansion  at 
the  body-boattail  junction,  previous  experiments  have 


shown  that  the  turbulence  properties  generally 
recover  much  more  slowly.®*^®  Figure  6  is  a  plot  of 
the  nondimensional  streamwise  root-mean-square 
(tins)  velocity  fluctuation  (au^x)  distribution  at  five 
axial  stations  along  the  afterbody  (again,  only  a 
limited  number  of  traverses  are  shown  for  clarity).  A 
significant  distortion  in  the  sueamwise  rms  velocity 
fluctuation  profile  occurs  through  the  sudden 
expansion  at  the  body-boattail  junction  with  an 
overall  reduction  in  the  magnitude  of  the  turbulence 
fluctuations  (as  characterized  by  Cu).  The  colhqrse  of 
the  data  obtained  at  the  last  two  axial  stations 
iq)stream  of  the  base  comer  seems  to  indicate  that  a 
"new"  equilibrium  state  of  reduced  turbulence  levels 
has  been  reached  prior  to  sqMuation.  Although  not 
shown  here  for  conciseness,  the  transverse  rms 
velocity  fluctuation  )  profiles  and  the  primary 
Reynolds  shear  stress  (<u'vr'>)  profiles  also  eThibitfd 
a  significant  decrease  in  magnitude  through  the 
expansion  at  die  body-boattail  junction. 

As  indicated  above,  the  expansion  at  the 
body-boattail  junction  distorts  both  the  mean  velociQr 
and  turbulence  quantities  in  the  afterbody  boundary 
layer  such  that  the  initial  conditions  for  the  near-wake 
flowfield  are  changed  considerably  fiom  those  in  the 
cylindrical  afterbody  case.  The  implications  of  these 
changes  in  the  approach  ^undary  layer 
characteristics  on  die  mean  velocity,  turbulence 
intensity,  and  Reynolds  shear  stress  fields  in  the  near¬ 
wake  of  the  afteiixxly  are  discussed  below. 

Centerline  Measurements 

As  part  of  the  detailed  documentation  of  the 
near-wake  flowfield,  an  axial  traverse  on  the 
centerline  of  the  afterbody  was  completed.  TheLDV 
data  were  obtained  in  axial  increments  of  Ax/Ro  » 
0.157  fiom  the  base  downstream  to  the  end  of  the  test 
section  window  (approximately  x/R©  *  5.4).  The 
mean  axial  velocity  distribution  along  the  centerline 
is  shown  in  Figure  7  along  widi  similar  data  obtained 
downstream  of  the  cylindrical  afterbody.  The  rear 
stagnation  point  (reattachment  location)  is  defined  as 
the  location  where  the  mean  axial  velocity  along  the 
centerline  vanishes  and  is  labeled  in  this  and 
subsequent  figures  widt  the  letter  S  (the  subscripts  "c" 
and  "b"  refer  to  the  cylindrical  and  boattailed 
afterbodies,  reflectively).  Note  that  die  mean  shear 
layer  reattachment  location  moves  downstream  as  the 
boattail  is  added  to  the  cylindrical  afterbody  (Sb/Ro  ^ 
2.81  and  Sc/Ro  -  2.65).  This  is  consistent  with  the 
higha  base  pressure  on  the  boattailed  afterbody 
wdiich  results  in  a  shallower  initial  shear  layer  angle. 
The  mean  reattachment  location  for  both  afterbodies 
is  in  general  agreement  with  the  pitot  probe 
measuremoits  made  by  Neale  et  aL^®  who  found 
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SA^o  =  2.9  in  a  Mach  3  flow  over  a  cylindrical 
afterbody.  The  peak  reverse  velocity  in  the  sqiarated 
region  behind  the  base  is  approximately  29%  of  Ui 
for  the  current  boattailed  afterbody  which  is  only 
slightly  larger  than  that  measured  for  the  cylindrical 
afterbody  (27%  of  Ui).  These  results  are  very  similar 
to  those  given  by  Delcryl"^  for  a  subsonic,  power-off 
base  flowfield  which  supports  the  notion  of  Merz  et 
aL^^  that  a  siniilaiity  lelationsh^  may  exist  for  the 
mean  axial  velocity  along  the  centerline  of 
axisymmetric  bodies.  In  addition,  the  similarities  in 
the  mean  axial  velocity  distributions  at  different 
approach  Mach  numbers  suggest  that  compressibility 
effects  are  negligible  in  determining  the  mean 
structure  of  the  recirculation  region. 

In  addition  to  the  mean  axial  velocity,  the 
axial  and  radial  nns  velocity  fluctuations  were 
determined  along  the  centerline  of  each  afterbody.  In 
order  to  compare  the  overall  turbulence  finrtiiarinn 
levels  along  the  centerline,  the  turbulent  kinetic 
energy  (k)  was  calculated  using  the  following 
relation: 

k  =  j(<i2  +  cr2  +<i2^)  (1) 

where  the  tangential  Reynolds  normal  stress  (cj  ) 
was  set  equal  to  the  radial  component  (o^  )  aloiig 
the  centerline  (this  assumption  is  supported'  by  rfam 
obtained  throughout  the  near-wake  where  all  three 
components  of  the  Rejmolds  normal  stress  were 
directly  measured).  The  turbulent  kinetic  energy 
distributions  along  the  centerline  of  the  cylindrical^^ 
and  boattailed  afterbodies  are  compared  in  Hgure  8. 
Contrary  to  the  mean  axial  velocity  profiles  shown  in 
Figure  7,  the  effect  of  afterbody  boattailing  on  the 
centerline  turbulent  kinetic  energy  is  substantial. 
Although  both  centerline  distributions  peak  near  the 
reattachment  point  as  the  shear  layer  converges  on 
the  axis,  the  turbulent  kinetic  energy  is  significantly 
reduced  in  the  boattailed  afterbody  case  ^)eak  value 
is  reduced  by  approximately  22%).  This  siiggfttrg 
that  the  turbulence  mechanisms  in  the  near-wake,  and 
particularly  in  the  reattaching  shear  layer,  are 
attenuated  by  aftmbody  boattailing.  Of  course,  this 
result  stems,  in  part,  fiom  the  reduced  turbulence 
levels  in  the  separating  boundary  layer  for  the 
boattailed  afterbody  case.  The  effects  of  afterbody 
boattailing  on  the  mean  velocity  and  turbulence 
properties  throughout  the  near-wate  are  discnsspii  in 
mote  detail  in  the  next  two  sections. 

Near-Wake  Mean  Velocity  Measurements 

The  mean  velocity  vector  field  throughout 
the  near-wake  of  the  current  boattailed  afterbody  is 
shown  in  Hgure  9.  Note  that  in  this  and  subsequent 
figures  the  vertical  axis  has  been  expanded  by  42% 


compared  to  the  horizontal  axis  in  wder  to  more 
cleariy  show  the  important  features  of  the  flowfield. 
To  enhance  presentation  of  the  mean  velocity 
the  uniformly  spaced  velocity  vectors  shown  in 
Hgure  9  have  been  generated  by  a  linear  interpolation 
in  both  X  and  r  of  the  unequally  spaced  LDV  Hatn 
The  mean  velocity  vector  field  in  Figure  9  shows 
qualitatively  many  of  the  features  of  the  near-wake 
flowfield  shown  previously  in  Figure  1.  The 
fieestream  flow  is  shown  to  undergo  a  series  of 
deflections  due  to  the  expansions  at  the  body-boattail 
junction  and  base  comer,  followed  by  the 
iecom]nession  shock  wave  system  in  the  near-wake 
which  realigns  the  flowfield  with  the  axis  of 
symmetry.  The  general  sluq}e  of  the  recirculatitm 
region  behind  the  base  is  also  clearly  shown  in  the 

figure.  The  location  of  the  mean  leattachment  point 

is  labeled  along  the  horizontal  axis  (Sb)  and  provides 
a  useful  marker  for  the  relative  location  of  many 
important  features  of  the  near-wake  flowfield. 

A  contour  plot  of  the  mean  axial  velocity 
field  (UAJi)  in  the  near-wake  is  shown  in  Hgure  10. 
The  growth  of  the  shear  layw  downstream  of  the 
comer  is  shown  in  the  figure  by  die  diverging  contour 
lines  which  initially  are  graced  vwy  closely  together 
indicating  large  mean  axial  velocity  gradients  in  the 
shear  layer  irrunediately  downstream  of  separation.  It 
is  intoesting  to  note  that  the  contours  levels  at  the 

inner  edge  of  die  shear  layo' diverge  rapidly  from  the 

base  comer  while  those  at  the  outer  edge  (cmitour 
levels  0.8- 1.0)  diverge  slowly  with  downstream 
distance.  This  suggests  that  a  two-layer  description 
of  the  initial  shear  layer  development  (suggested  by 
Hampttm  and  White®  for  attached  boundary  layers 
downstream  of  a  r^d  expansion)  may  be  qiptopriate 
where  an  inner  layer  of  high  turbulence  levels  and 
large  mass  entrainment  rates  grows  rtqiidly  within  an 
outer  layer  of  lower  turbulence  levels  and  relatively 
slow  development  Eventually,  as  suggested  in 
Figure  10,  the  inner  layer  overtakes  the  outer  layer 
and  consumes  a  majority  of  the  ovmall  shear  layer 

width.  Also  shown  in  Figure  10,  the  recovoy  of  the 
mean  axial  velocity  profile  downstream  of 
reattachment  is  relatively  r^id;  however,  at  the  far 
downstream  extent  of  the  present  measurements,  a 
velocity  defect  of  iqiproximately  42%  still  exists, 
which  indicates  diat  fiiU  recovery  of  die  mean  aTiai 
velocity  in  the  wake  does  not  occur  within  five  base 
radu.  Amatucci  et  al.^^  found  that  the  wake  in  thw 
two-dimensional  base  flow  fully  recovered  (velocity 
defect  vanished)  at  a  downstream  distance  of  4.7  base 
heights  (equivalent  to  9.4  base  radii  in  the  present 
case).  Although  fuO  wake  recovery  was  not  achieved 
in  the  present  case,  the  mean  flow  at  the  last 
station  surveyed  was  found  to  be  entirely  siqiersonic 
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such  that  disturbances  generated  further  downstream 
by  the  wind  tunnel  geometry  have  no  effea  on  the 
near-wake  flowfield  of  interest 

In  addition  to  the  mean  axial  velocity,  the 
mean  radial  velocity  (Vf)  was  also  determined  from 
the  three-component  LDV  data;  contours  of  VrAJi 
are  shown  throughout  the  near-wake  in  Figure  11. 
The  location  of  the  rt^id  expansions  at  the  body- 
boattail  junction  and  base  corner  ate  now  more 
clearly  shown  by  decreasing  contour  levels  (more 
negative  radial  velocity);  the  expansions  appear  to  be 
well  centered  at  these  locations.  Beyond  the  base 
corner  expansion  fan,  the  mean  radial  velocity 
continues  to  increase  in  magnitude,  due  to  the 
axisymmetric  effect,  to  a  peak  value  of  O.I8U1 
^rproximately  two  afterbody  radii  downstream.  The 
gradual  realignment  of  the  freestream  flow  is  shown 
to  the  right  in  Figure  11  by  the  increasing  ctmtour 
levels,  and  the  realignment  qrpears  even  slower  in  the 
inner  region  of  the  shear  layer  as  evidenced  by  the 
persistence  of  a  mean  radial  velocity  "finger"  at  the 
lower  right  in  the  figure.  This  realignment  pattern 
was  also  found  in  the  cylindrical  afterbody  case^^ 
and  is  important  in  multi-component  modeling  of 
these  flowfields  as  the  recompression  criterion 
provides  the  closure  condition  to  the  entire  near-wake 
solution.^^  The  mean  radial  velocity  contours  in 
Figure  1 1  also  show  the  acceleration  of  the  low  speed 
fluid  flowing  radially  outward  (positive  Wj)  at  the 
base  as  it  becomes  entrained  into  the  shear  laya  near 
the  base  comer.  Note  the  rapid  change  of  flow 
direction  (change  in  sign  of  the  mean  radial  velocity) 
near  the  base  coma*  which,  as  mentioned  earlier,  may 
be  responsible  for  the  rising  base  pressure  with 
increasing  radius  from  the  base  center.  Lastly,  the 
increasing  contour  levels  at  the  upper  right  of  Figure 
11  mark  the  location  of  a  compression  wave 
generated  by  the  reflection  of  the  body-boattail 
junction  expansion  fan  fiom  a  shear  layer  at  the  outer 
periphery  of  the  test  section;  again,  th^  region  of  the 
flow  is  entirely  supersonic  so  that  interference  with 
the  near-wake  flowfield  of  interest  does  not  occur. 

By  comparing  the  mean  velocity  field 
discussed  above  to  that  obtained  downstream  of  a 
cylindrical  aflerbody^^,  it  is  found  diat  die  overall 
structure  of  the  mean  flowfield  in  these  cases  is 
qualitatively  similar.  However,  one  important 
diflerence  that  exists  due  to  afterbody  boattailing  is  a 
reduction  in  the  mean  shear  layer  growth  rate  of 
approximately  20%  from  that  in  the  cylindrical 
afterbody  case.  The  growth  rate  of  the  shear  layer  is 
direedy  linked  to  the  amount  of  mass  entrainment 
fiom  the  recirculation  region  and,  dierefore,  direedy 
affects  the  base  pressure.  The  reduction  in  shear 
layer  growth  for  the  boattailed  afterbody  is  consistent 


with  the  higher  base  pressure  measured  relative  to  a 
cylindrical  afterbody  (16%  higher  in  the  present  case) 
and  is  an  important  factor  in  determining  the  overaU 
effectiveness  of  afterbody  boattailing  in  reducing 
base  drag. 

Near-Wake  Turbulence  Measurements 

In  the  present  experiments,  five  of  the  six 
components  of  the  kinematic  Reynolds  stress  tensor 
have  been  direedy  measured.  In  this  section,  the 
primary  results  of  these  turbulence  measurements 
will  be  presented.  Figure  12  is  a  contour  plot  of  the 
axial  turbulence  intensity  (OuAJi)  throughout  the 
near-wake  flowfield.  The  increase  in  the  axial 
turbulence  intensity  fiom  the  reladvely  low  levels  in 
the  freestream  marks  the  outer  edge  of  the  shear  layer 
in  die  figure.  A  peak  value  of  qiptoximately  (VUi  s 
0.203  occurs  in  the  subsonic  portion  of  the  shear 
layer  approximately  two  afterbody  radii  downstream 
of  the  base  comer  and  represents  a  reduction  fiom  the 
peak  level  in  the  cylindrical  afterbody  case^^  of 
neariy  8%.  In  fact,  throughout  the  shear  layer  and 
wake  regions  of  the  boattailed  afterbody  near-wake, 
the  axial  turbulence  intensity  is  redui^  fiom  the 
cylindrical  afterbody  case.  This  is  most  likely  a 
result  of  the  reduced  turbulence  levels  in  the 
boundary  layer  upstream  of  the  base  comer.  In 
addition,  the  reduced  strength  of  the  base  comer 
expansion  fan  in  the  boattailed  afterbody  case  results 
in  less  distortion  of  the  mean  velocity  profiles  and 
reduced  turbulence  production  in  the  initial  portions 
of  the  shear  layer.^*  The  axial  turbulence  intensity 
decays  through  the  reattachment  region  in  the  present 
case  which  is  in  contrast  to  data  obtained  for  a 
compressible  shear  layer  reattaching  onto  a  solid  wall 
where  it  has  been  shown22.23  11,3^ 
turbulence  intensity  peaks  downstream  of  the 
reattachment  point  These  differences  in  the 
locations  for  die  peak  axial  turbulence  intensity  may 
be  attributed  to  the  difference  in  the  boundary 
condition  between  the  two  cases.  In  the  solid  wall 
case,  the  velocity  constraint  at  the  wall  (v  s  0)  holds 
in  an  instantaneous  sense  such  that  die  mean  velocity 
and  ims  velocity  fluctuations  bodi  must  vanish  at  the 
wall.  However,  in  the  compliant  surface 
reattachment  of  the  present  case,  the  velocity 
constraint  at  the  fictitious  surface  requires  that  the 
'mean  transverse  velocity  vanish  but  not  the 
instantaneous  transverse  velocity,  such  that  a  non¬ 
zero  transverse  rms  velocity  fluctuation  exists.  The 
axial  turbulence  intensity  also  peaked  iqistream  of  the 
reattachment  point  for  the  cylindrical  afterbody 
case.^^  Interestingly,  peak  turbulence  intensities 
have  also  been  shown  to  occur  upstream  of 
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reattachment  for  subsonic  shear  layers  reattaching 
onto  a  solid  wall.^ 

In  addition  to  the  axial  turbulence  intensity, 
the  radial  (Oy^i)  and  tangential  (Oy^i)  turbulence 
intensities  were  also  detnmined  firom  the  LDV  data; 
the  radial  turbulence  intensity  contours  are  shown  in 
Figure  13.  The  qualitative  trends  are  similar  to  the 
axial  turbulence  intensity  with  relatively  large  values 
in  the  shear  layo-  that  decay  through  the  reattachment 
region  into  the  downstream  wake.  A  peak  value  of 
OvjAJi  =  0.129  occurs  slightly  upstream  of 
reattachment  and  represents  a  17%  decrease  from  the 
peak  value  measured  in  the  cylindrical  afterbody 
case.^2  Note  that  the  overall  magnimdes  of  the  radial 
turbulence  intensity  are  reduced  compared  to  the 
axial  component  with  a  typical  anisotropy,  Ou/Oy^  of 
1. 6-2.0  in  the  shear  layer.  Throughout  the 
recirculation  region,  the  radial  turbulence  intensity 
remains  fairly  uniform  at  levels  reduced  from  those  in 
the  shear  layer.  The  tangential  turbulence  intensity 
distribution  is  similar  to  that  shown  in  Figure  13  fw 
the  radial  turbulence  intensity  with  a  peak  value  of 
0.133  occurring  near  the  reattachment  point  The 
addition  of  the  boattail  caused  little  chimge  in  the 
peak  tangential  turbulence  intensi^  (1.4%  reduction) 
even  though  the  other  two  turbulence  intensity 
components  were  significantly  reduced.  Throughout 
the  shear  layer,  a  radial-to-tangential  anisotropy  ratio 
(Gy^  /Gvj)  of  approximately  unity  is  maintain^  thus, 
the  relative  ordering  of  the  Reynolds  normal  stresses 
in  the  present  case  is  Gu  >  Gy^  —  Gy^  which  indicates 
the  preferential  orientation  of  the  turbulence  field 
with  the  axial  direction. 

Utilizing  the  three  turbulence  intensity 
distributions  measured  in  the  present  study,  the 
turbulent  kinetic  energy  (see  Equation  1)  has  been 
determined  and  is  shown  in  Figure  14.  As  mentioned 
above,  the  axial  turbulence  intensity  dominates  the 
turbulence  field,  so  the  turbulent  kinetic  energy 
contours  shown  in  Figure  14  appeat  similar  to  those 
of  the  axial  uirbulence  intensity  shown  in  Figure  12. 
The  peak  value  of  k/Ui^  =  0.0359  occurs  iqistream  of 
reattachment  in  the  subsonic  regicm  of  die  shear  layer. 
This  global  maximum  in  turbulent  kinetic  energy  is 
significantly  smaller  than  the  value  given  by 
Amatucci  et  al.^^  who  found  a  peak  turbulent  kinetic 
energy,  kAJi^,  of  0,07  near  reattadunent  in  their  two- 
dimensional  base  flow  study.  The  signifiranr 
difference  between  these  two  values  is  most  likely  a 
result  of  the  much  weaker  base  comer  expansion  fan 
in  the  present  case  which  results  in  less  turbulence 
production  immediately  downstream  of  separation. 
In  fact,  Samimy  ct  al.^  measured  a  peak  turbulent 
kinetic  energy  of  tqiproximately  k/Ui^  =  0.042  in  the 
reattachment  region  of  a  supersonic  shear  layer  which 


had  been  separated  at  constant  pressure  from  a 
backstep  (i.e.,  no  expansion  at  the  separation  point). 
The  peak  value  in  the  present  case  also  represents  an 
18%  reduction  from  the  peak  turbulent  inn^^r  energy 
measured  in  the  cylindrical  afterbody  case.^^  The 
measured  reduction  in  turbulence  levels  in  the  gtwar 
layer  results  in  less  mass  entrainment  from  the 
rediculation  region  for  the  boattailed  afterbody  case 
which,  as  mentioned  previously,  is  consistent  with  the 
reduction  in  measured  shear  layer  growth  rate 
(tqrproximately  20%)  and  increased  base  pressure.  In 
the  recirculation  region  behind  the  base,  the  turbulent 
kinetic  enogy  is  fairly  uniform  at  values  significantly 
smaller  than  those  in  the  shear  layer. 

In  addition  to  the  turbulence  intensity 
components  presented  above,  the  axial-radial 
(<u'vr’>)  and  axial-tangential  (<u'vt'>)  Reynolds 
shear  stresses  have  been  directly  measured.  The 
measured  axial-radial  shear  stress  was  larger  than  the 
measured  axial-tangential  shear  stress  by 
iqtproximately  an  order  of  magnitude  in  the  high 
turbulence  regions  of  the  shear  layer.  Contours  of  the 
dimensionless  axial-radial  shear  stress  (<u'vr'>/Ui^) 
are  shown  in  Hgure  IS.  As  in  the  axial  turbulence 
intensity  contours  shown  previously,  the  peak 
dimensionless  shear  stress  magnitude  occurs 
iqrstream  of  reattachment  and  takes  a  value  of  0.0175 
which  rqnesents  an  8%  decrease  from  the  peak  value 
measured  in  the  cylindrical  afterbody  case.^^  In 
addition,  the  peak  shear  stress  measured  in  the  current 
study  is  significantly  smaller  than  that  measured  by 
Amatucci  et  al.^^  in  their  two-dimensional  base  flow 
study.  Throughout  the  recirculation  region,  the  shear 
stress  magnitudes  are  small  indicating  the  absence  of 
any  significant  large  scale  turbulence  in  the 
separation  bubble  downstream  of  the  base.  The  locus 
of  peak  shear  stress  magiutudes  at  each  axial  gtatinn 
in  the  near-walw  consistently  lies  in  the  subsonic 
region  of  the  shear  layer  which  indicates  the 
importance  of  large  scale  turbulent  structures  in  the 
entraitunent  of  fluid  from  the  redrculation  region. 

In  general,  the  effect  of  afterbody  hnarmiiing 
is  to  reduce  the  overall  turbulence  levels  throu^out 
the  near-wake  flowfield  relative  to  a  cylindrical 
afterbody.  Table  1  presents  a  summary  of  the  peak 
values  of  the  primary  turbulence  quantities  obtained 
for  the  current  boattailed  afterbody  and  those 
obtained  previously  for  the  cylindrical  afterbody 
case.^^  The  addition  of  the  boattail  is  shown  to 
significantly  reduce  both  the  axial  and  racial 
turbulence  intensities  with  the  strongest  effect 
occurring  in  the  radial  component  hi  ariditinn  the 
turbulent  kinetic  energy  and  Reynolds  shear  stress  are 
reduced  due  to  afterbody  boattailing.  From  an 
analysis  of  the  turbulence  production  in  the  near- 
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wake  of  both  the  cylindrical  and  boattailed 
afterbodies^^,  the  decrease  in  near-wake  turbulence 
levels  for  the  boattailed  afterbody  is  found  to  be  due, 
in  part,  to  the  reduced  strength  of  the  base  comer 
expansion  fan  which  directly  affects  the  mean 
velocity  gradient  (and  therefore  turbulence 
production)  in  the  initial  portion  of  the  shear  layer. 
Of  course,  the  reduced  turbulence  levels  in  the 
boattailed  afterbody  boundary  layer  also  play  a  role 
in  the  overall  reduction  in  turbulence  levels  in  the 
near-wake  of  the  boattailed  afterbody.  The  practical 
significance  of  the  reduced  tuibulence  levels  in  the 
present  case  is  the  substantial  reduction  in  mass 
entrainment  ftom  the  recirculation  regicm  (shear  layer 
growth  rate  reduced  by  ^iproximately  20%)  which 
directly  implies  a  higher  b^  pressure. 

Summary  and  Conrliirinns 
An  experimental  investigation  of  the  near¬ 
wake  flowfield  behind  a  conical  boattailed  afterbody 
in  supersonic  flow  has  been  presented.  The  primary 
objectives  of  this  study  are  to  investigate  tte  fluid 
d3mamic  effects  of  afterbody  boattailing  and  how 
they  relate  to  the  increase  in  base  pressure  on 
conventional  unpowered  missiles  and  projectiles  in 
supersonic  flight  The  experimental  procedure 
followed  during  the  investigation  was  to  obtain 
detailed  non-intrusive  experimental  data  on  a 
simplified  configuration  (i.e..  without  afterbody 
control  fins)  both  with  and  without  a  boattail.  The 
data  Obtained  include  flow  visualization  photogr^)hs, 
mean  static  pressure  measurements  on  ^  afteti^y 
and  base,  and  three-component  LDV  measurements 
throughout  the  near-wake.  A  second  objective  of  this 
study  was  to  provide  experimental  data  of  sufficient 
detail  and  quality  that  could  be  of  use  to  numerical 
modelers  of  these  flows.  Toward  diis  end.  the  entire 
set  of  data  presented  in  this  paper  has  been 
tabularized  in  an  easily  readable  format  and  is 
available  on  disk  fit)m  the  authors.  From  the  itata 
presented  herein,  the  foUowing  conclusions  can  be 
drawn: 

(1)  Afterbody  boattailing  is  an  effective 
means  of  decreasing  the  net  afterbody  drag  on 
unpowered  missiles  and  projectiles  in  supersonic 
flight  In  the  present  case,  the  addition  of  a  conical 
boattail  $  =  S  degrees  and  IVRo  =  I'O)  resulted  in  a 
net  afterbody  drag  reduction  of  21%  as  compared  to  a 
cylindrical  afterbody  (P  s  0  degrees)  at  the  same 
tqiproach  Mach  number  and  Reynolds  number. 

(2)  The  rapid  expansion  at  the  body-boattail 
junction  in  supersonic  flow  can  significantly  alter  the 
mean  velocity  and  turbulence  distributions  in  the 
afterbody  boundary  layer.  In  addition  to  a  reduction 
of  the  outer  wake  component  of  the  mean  boundary 


layer  velocity  profile,  the  rq)id  expansion  a 
decrease  in  the  turbulence  intensity  and  Reynolds 
shear  stress  levels  throughout  the  boundary  layer 
which,  if  the  boattail  length  is  sufficiently  short,  can 
result  in  substantial  changes  in  the  boundary  layer 
conditions  at  sqtaration. 

(3)  The  mean  velocity  field  in  the  near¬ 
wake  of  unpowered  axisymmetric  bodies  is 
qualitatively  unaffected  by  afterbody  boattailing.  The 
most  significant  quantitative  effect  of  boattailing  is  a 
reduction  in  the  mean  shear  layer  growth  rate 
(approximately  20%  in  the  present  case)  which  is  a 
result  of  reduced  mass  entrainment  rates  ftom  the 
recirculation  region  behind  the  base.  Obviously,  this 
mechanism  has  direa  influence  on  the  base  pressure 
and,  therefore,  is  an  important  effect  of  afterbody 
boattailing  in  stq)ersonic  flow. 

(4)  Turbulence  levels  in  die  separated  shear 
l^er  are  significantly  reduced  (e.g.,  18%  reduction  in 
the  turbulent  kinetic  energy)  by  afterbody  boattailing 
due  to  the  diminished  fluctuations  in  the  boundary 
layer  at  separation  and  to'the  reduced  strength  of  the 
expansion  fan  at  the  base  comer  which  reduces 
turbulence  production  in  the  initial  portion  of  the 
shear  layer.  In  genoal,  the  axial  Reynolds  normal 
stress  dominates  the  near-wake  turbulence  field  with 
the  radial  and  tangential  normal  stresses  being 
iq>proximately  equal.  Strong  peaks  in  the 
Reynolds  normal  stress  and  Reynolds  shear  stress 
occur  in  the  subsonic  region  of  the  shear  layer  at  an 
axial  locaticm  vpstream  of  the  reattachment  point 
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Table  1  Comparison  of  Peak  Value  of  Turbulence 
Quantities 


Cylindrical 

Afterbody 

Boattailed 

Afterbody 

Difference 

OuAJi 

0.220 

0203 

-7.7% 

CTVrAJl 

0.156 

0.129 

-17.3% 

ov.AJi 

0.135 

0.133 

-1.4% 

k/Ui2 

0.0440 

0.0359 

•18.4% 

-<uV>AJi2 

0.0190 

0.0175 

-7.9% 

Expansion 


Region  Point 


Fig.  1  Schematic  Diagram  of  Mean  Howfield 
Downstream  of  a  Boattailed  Afterbody 


Fig.  2  Boattail  Pressure  Distribution 
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Fig.  4  Boundary  Layer  Profiles  Perpendicular  to 
Boattail  Surface  (Body-Boattail  Junction 
Located  at  x/Rq  s  -1.00) 
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Fig.  S  Mean  Boundary  Layer  Profile  Inunediately 

Upstream  (tf  Base  Comer  (x/Ro  » -0.06)  Along 
widi  Compressible  Bound^  Layer  Curve  FiJ'^ 


Hg.7  MeanAxialVelociQr  Along  Centerline: 
Comparison  Between  Cylindrical^  and 
Boattailed  Aftobodies 


Fig.  6  Effea  of  Expansion  at  Body-Boattail  Junction  on 
Streamwise  RMS  Velocity  Fluctuation 


Hg.  8  Turbulent  Kinetic  Energy  Distributions  Almig 
Centeriine:  Comparison  Betwera  Cylindrical^^ 
and  BoattaUed  Afterbodies 
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ABSTRACT 

Detailed  mean  velocity  and  turbulence  data  have 
been  obtained  with  a  laser  Doppler  velocimeter  for  two 
axisymmetric  shear  layers  downstream  of  rapid 
expansions  of  different  strengths.  A  comparison  of  the 
data  in  the  near-field  (immediately  downstream  of 
separation)  and  far-field  (shear  layer  approaching  self¬ 
similarity)  is  presented,  and  the  fluid  dynamic  effects  of 
the  rapid  expansion  ate  ascertained  for  each  regime.  In 
general,  the  rapid  expansion  was  found  to  distort  the 
initial  mean  velocity  and  turbulence  fields  in  the  shear 
layer  such  that  two  distinct  regions  were  evident:  an  outer 
region  where  the  turbulent  fluctuations  are  quenched  by 
the  expansion,  and  an  inner  region  where  turbulence 
levels  are  magnified  by  the  expansion.  For  the 
streamwise  Reynolds  ntvmal  stress  and  primary  Reynolds 
shear  stress,  the  magnitude  of  the  peak  turbulence  levels 
increased  with  increasing  strength  of  the  rapid  expansion; 
the  transverse  normal  stress  field,  however,  was  only 
mildly  affected  by  the  expansion.  Further  downstream 
after  the  shear  layer  mean  velocity  distributions  become 
self-similar,  elevated  turbulence  levels  for  the  more 
strongly  expanded  case  persist  although  the  relative 
distribution  of  turbulence  energy  between  the  Reynolds 
stress  components  tqrpears  unaffected  by  the  strength  of 
the  rapid  expansion. 

INTRODUCTION 

The  development  of  compressible  free  shear 
layers  has  received  considerable  attention  in  the  scientific 
community  over  the  past  several  years.  Driven  by  the 
desire  to  design  a  practical  supersonic  combustion  engine 
(i.e.,  scramjet),  most  research  efforts  have  focused  on 
documenting  the  growth  rate  and  mixing  of  fully- 
developed,  two-stream  mixing  layers  for  a  variety  of 
hreestream  conditions  from  the  incompressible  to 
compressible  regimes.  The  primary  result  of  this 
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research  is  that  the  shear  layer  growth  rate,  db/dx,  and 
turbulence  levels  decrease  significantly  with  increasing 
compressibility.  Gently,  the  degree  of  compressibility 
is  described  in  terms  of  either  the  convective  Mach 
number  (Me)  or  the  relative  Mach  number  (M^)  of  the 
mixing  layer  (for  two  streams  with  identical  specific  heat 
ratios,  M^ »  2Mc).  However,  there  appears  to  be  growing 
skepticism  as  to  the  universality  of  these  correlation 
parameters  for  all  mixing  layer  scenarios.  Viegas  and 
Rubesin^  show  quite  clearly  the  significant  scatter  in  the 
measured  shear  layer  growth  rates  obtained  by  different 
researchers  at  identical  convective  (or  relative)  Mach 
numbers.  These  authors  suggest  that  the  Mach  numbers 
of  each  individual  stream  may  impact  the  shear  layer 
growth  rate,  even  though  the  convective  Mach  number 
(calculated  from  the  velocity  difference  across  the  shear 
layer)  remains  fixed.  The  recent  data  of  Bunyatitradulya 
and  P^amoschou^  seem  to  support  this  claim.  However, 
an  additioiud  problem,  which  is  often  overlooked  when 
comparing  shear  layer  data,  is  the  effect  of  the  initial 
conditions  at  the  shear  layer  origin  on  the  fiilly-developed 
shear  layer  characteristics.  As  pointed  out  by  Bradshaw^ 
and  others  for  incompressible  mixing  layers,  the  initial 
conditions  can  have  a  dramatic  effect  on  shear  layer 
development  and,  in  general,  can  afiect  the  mean  velocity 
and  turbulence  statistics  of  the  shear  layer  in  its  fully- 
developed  state.  As  a  result,  quantitative  comparisons 
between  experiments  conducted  at  different  sites  (and, 
therefore,  under  different  conditions)  can  be  quite 
difficult 

Mehta  and  Westphal^  discuss  the  significant 
sensitivity  of  the  incompressible  shear  layer  to  small 
changes  in  its  initial  conditions  (e.g.,  approach  boundary 
layer  state  and  thickness)  and  wind  tunnel  operating 
conditions  (e.g.,  fireestream  turbulence  levels)  which,  in 
practice,  can  be  v^  difficult  to  control.  In  a  lato’  study 
of  incompressible  plane  mixing  layers  with  different 
velocity  ratios,  Mehta^  showed  conclusively  that  the 
interaction  between  the  developing  shear  layer  and  the 
wake  generated  by  the  splitter  plate  strongly  affected  the 
distance  required  for  the  shear  layer  to  achieve  self¬ 
similarity  with  turbulence  properties  developing  more 
slowly  than  the  mean  velocity.  In  fact,  Mehta^  showed 


that,  in  most  cases,  the  shear  layer  growth  rate  is 
^proximately  linear  almost  from  the  start  of  development 
which  shows  the  importance  of  utilizing  the  spatial 
independence  of  the  more  slowly  developing  turbulence 
properties  as  a  criterion  for  determining  the  achievement 
of  self-similarity.  Also,  in  many  practical  situations,  the 
streamwise  distance  available  for  shear  layer  growth  is 
insufficient  for  the  shear  layer  to  reach  fully-developed 
conditions.  In  these  cases,  the  shear  layer  development 
immediately  downstream  of  boundary  layer  separation  has 
increased  importance. 

Although  little  information  is  available  in  the 
initial  development  region  of  rapidly  expanded 
compressible  free  shear  layers  (as  discussed  below),  a 
considerable  amount  of  research  has  been  presented  on 
the  effects  of  rapid  expansions  on  attached  turbulent 
boundary  layers.  Dawson  and  Samimy^  and  Amette  et 
al.^^  used  fast-response  pressure  measurements  and 
filtered  Rayleigh  scattering,  respectively,  to  show  that 
rapid  expansions  quench  the  small-scale  turbulence  in 
supersonic,  turbulent  boundary  layers  while  enhancing  the 
turbulence  energy  in  the  large-scale  structures  present  in 
the  boundary  layer  (i.e.,  a  reverse  energy  cascade  from 
high  to  low  wave  numbers).  Dussauge  and  Gaviglio^  ^ 
showed  that  the  bulk  dilatation  associated  with  a  rapid 
expansion  causes  a  decrease  in  the  Reynolds  stresses, 
especially  near  the  wall  where  small-scale  turbulence 
dominates.  Downstream  of  the  rapid  expansion,  a  new 
wall  layer  with  increasing  turbulence  levels  was  found 
which  grows  with  downstream  distance  within  an  outer 
layer  of  essentially  frozen  turbulence  activity;  eventually, 
the  inner  layer  consumes  the  outer  layer  forming  a  "new" 
boundary  layer  with  properties  which  may  differ 
considerably  from  those  upstream  of  the  expansion. 
Hampton  and  White^^  also  proposed  a  two-layer  structure 
for  the  recovering  boundary  layer  downstream  of  rapid 
expansions. 

In  addition  to  providing  benchmark  data  on  the 
effect  of  rapid  expansions  on  turbulent  boundary  layers, 
Dussauge  and  Gaviglio^^  also  used  Rapid  Distortion 
Approximations  (RDAs)  to  the  Reynolds  stress  transport 
equations  to  compute  the  evolution  of  the  Reynolds 
stresses  through  the  expansion.  The  RDAs  neglect  the 
effects  of  turbulence  diffusion  and  dissipation  through  the 
expansion  while  retaining  the  turbulence  production  and 
pressure  terms  in  the  governing  equations.  Comparison  to 
experimental  data  was  generally  good.  Smith  and  Smits^^ 
also  used  RDA  theory  to  compute  the  Reynolds  stresses 
through  a  rapidly  expanded  turbulent  boundary  layer  in 
supersonic  flow.  The  expected  decrease  in  the  individual 
Reynolds  stress  components  through  the  expansion  was 
accurately  calculated  with  the  RDA.  As  will  be  discussed 
below,  many  of  the  same  effects  discussed  for  rapidly 
expanded  attached  boundary  layers  will  also  be  important 
for  boundary  layers  which  separate  through  a  rapid 
expansion. 


The  effects  of  a  rapid  expansion  on  the  mean 
velocity  and  turbulence  properties  of  a  developing  free 
shear  layer  were  investigated  by  Samimy  ct  al.^^»^^  and 
Petrie  et  al.^^  using  laser  Doppler  velocimetry  (LDV).  By 
comparing  the  development  of  a  shear  layer  separated  at 
constant  pressure  to  that  of  a  shear  layer  which  was 
rapidly  expanded  at  its  origin  (shear  layer  inclination 
angle,  6  =  1S.4  degrees),  the  effects  of  the  rapid  expansion 
on  the  far-field  mean  velocity  and  Reynolds  stress 
distributions  were  deduced.  These  authors  found  that  the 
rapidly  expanded  shear  layer  had  higher  peak  Reynolds 
stress  values  and  a  stronger  normal  stress  anisotropy 
(Ou/Ov)^  throughout  the  majority  of  the  shear  layer 
development  Unfortunately,  detailed  LDV  data  were  not 
obtain^  immediately  downstream  of  the  expansion  due  to 
inadequate  seeding  in  this  region.  Peace^^  points  out  the 
need  for  detailed  Reynolds  stress  measurements 
immediately  downstream  of  boundary  layer  separation  in 
order  to  enhance  the  current  computational  capabilities  for 
massively  separated  afterbody  flowfields. 

The  objective  of  the  present  paper  is  to  study  the 
development  of  compressible  free  shear  layers  which  arc 
formed  by  separation  of  a  turbulent  boundary  layer 
through  a  rapid  expansion  (see  Fig.  1).  The  flow 
conditions  in  the  present  experiments  are  representative  of 
those  in  the  base  region  of  a  typical  missile  or  projectile  in 
unpowered  supersonic  flight.  The  focus  of  the 
investigation  will  be  the  shear  layer  properties 
immediately  downstream  of  separation  which  play  an 
important  role  in  determining  the  mass  entrainment  rates 
and  subsequent  growth  of  the  shear  layer.  It  is  the 
interaction  of  the  shear  layer  with  the  recirculation  region 
behind  the  base  (Fig.  1)  which  directly  affects  the  mean 
pressure  acting  on  the  base  surface  (i.e.,  base  drag). 
Included  in  this  study  are  extensive  laser  Doppler 
velocimetry  (LDV)  measurements  made  immediately 
upstream  and  downstream  of  the  rapid  expansion.  In 
addition  to  the  near-interaction  region,  the  tq)proach  of  the 
shear  layer  to  self-similarity  will  be  documented  to 
determine  the  long-term  effect  of  the  rapid  expansion  on 
shear  layer  mean  velocity  and  turbulence  properties.  The 
effect  of  the  shear  layer  development  on  the  entire  near¬ 
wake  flowfield  of  typical,  unpowered  projectiles  has  been 
presented  earlier  in  two  companion  papers.^®’^^ 

EXPERIMENTAL  FACILITY  AND 
EXPERIMENTAL  METHODS 

The  experiments  described  herein  were 
conducted  in  the  axisymmetric  wind  tunnel  facility  in  the 
University  of  Illinois  Gas  Dynamics  Laboratory. 
Specifically  designed  for  the  study  of  axisymmetric 
afterbody  flows,  the  wind  tunnel  has  several  unique 
features  which  ensure  uniform,  axisymmetric  flow  in  the 
test  section;  a  detailed  description  of  the  wind  tunnel 
facility  and  its  operational  char^teristics  can  be  found  in 
Ref.  20.  Two  different  axisymmetric  afterbodies  were 
used  in  the  present  investigation;  a  circular  cylinder  and  a 
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conical  boattailed  afterbody  (surface  angle  =  S  degrees). 
For  the  cylindrical  afterbody,  the  approach  boundary  layer 
separated  from  the  base  comer  through  a  rapid  expansion 
with  a  mean  turning  angle  (0)  of  approximately  9  degrees. 
The  rapid  expansion  at  the  comer  of  the  boattailed 
afterbody  was  considerably  weaker  with  a  mean  turning 
angle  of  approximately  2  degrees.  Additional  details 
concerning  the  tqjproach  boundary  layer  properties  will  be 
given  below. 

The  primary  diagnostic  tool  used  in  these 
investigations  was  a  two-component  LDV  with  frequency 
shifting;  this  system  is  capable  of  measuring  the  relatively 
high  turbulence  intensity  levels  and  reversed  velocity 
realizations  present  in  the  current  separated  flowfields. 
The  measurement  volume  diameter  and  length  were 
approximately  120  |im  and  700  pm,  respectively.  The 
LDV  data  were  obtained  along  radial  traverses  at  several 
locations  (approximately  15-20)  along  the  shear  layer 
axis.  To  eliminate  any  effects  of  the  shear  layer 
reattachment  region  for  the  present  comparisons,  only 
data  obtained  in  the  relatively  constant  pressure  region  of 
shear  layer  development  will  be  presented.  The  onset  of 
the  adverse  pressure  gradient  associated  with  reattachment 
is  estimated  from  the  data  of  Amatucci  et  al.^^  to  occur 
near  x  =  65  mm  for  both  afterbodies  studied  herein.  The 
LDV  data  have  been  corrected  for  velocity  bias  using  the 
interarrival  time  weighting  method  which  has  been 
shown^^  to  be  an  effective  technique  in  the  present 
flowfields:  no  correction  for  fringe  bias  was  necessary.^® 
An  error  analysis  of  the  LDV  data  reduction  procedure 
was  used  to  estimate  a  worst-case  uncertainty  in  the  mean 
velocity  of  1.2%  of  Ui  and  in  the  rms  velocity  fluctuation 
of  2.3%  of  Ui,  where  Ui  =  567  m/s  is  the  mean 
freestream  velocity  tqjproaching  the  cylindrical  afterbody. 

In  the  current  study,  silicone  oil  droplets 
produced  with  a  conventional  six-jet  atomizer  were  used 
as  the  laser  light  scattering  media.  In  a  previous 
experiment  with  the  same  seeding  apparatus, 
Bloomberg^  tested  the  tracking  ability  of  these  particles 
by  measuring  their  response  downstream  of  an  oblique 
shock  wave  generated  by  a  15  degree  compression  coma- 
in  a  Mach  2.6  flow.  He  found  mean  relaxation  distances 
of  approximately  2  mm  downstream  of  the  shock  and  an 
estimated  mean  droplet  diameter  of  0.8  pm.  Of  course, 
the  mean  velocity  gradient  through  the  rapid  expansion  in 
the  present  experiments  (maximum  turning  angle  of  9 
degrees)  is  considerably  weaker  than  the  shock  wave  in 
Bloomberg's  experiment  The  response  of  the  droplets  to 
turbulent  fluctuations  in  the  shear  layer  was  also  estimated 
with  the  results  of  Samimy  and  Lele.^^  Using  the 
conditions  immediately  downstream  of  separation,  the 
worst-case  Stokes  number  in  the  present  flowfields  is 
aiproximately  0.6  which  yields  a  maximum  rms  error  due 
to  particle  lag  of  approximately  6%.  As  the  shear  layer 
grows,  however,  the  local  Stokes  number  will  decrease 
such  that  at  X  =  31  mm  downstream  of  separation,  the  rms 


error  due  to  particle  lag  is  only  1.7%.  Further 
downstream  the  particle  lag  error  continues  to  diminish. 

RESULTS 

A  comparison  of  the  mean  velocity  and 
turbulence  statistics  downstream  of  the  two  afterbodies 
will  now  be  presented.  In  both  cases,  the  boundary  layer 
approaching  the  separation  point  was  fully  turbulent  as 
determined  by  measured  turbulence  intensity  levels  and 
by  the  good  agreement  of  the  mean  velocity  profile  with  a 
cmnpressible  turbulent  boundary  layw  curve  fit.^®*^^  The 
pertinent  properties  of  the  approach  boundary  layer  for 
each  case  are  given  in  Table  1.  Note  that  the  afterbody 
flowfields  to  be  compared  have  been  labeled  Case  1  and 
Case  2  for  mean  turning  angles  of  0  ==  2  degrees  and  0  =  9 
degrees  through  the  rapid  expansion,  respectively.  This 
convention  will  be  used  for  convenience  throughout  the 
remainder  of  the  paper.  The  computed  average  relative 
Mach  number  of  the  developing  shear  layer  is 
approximately  2.6  (Me  =  1.3)  for  each  case.  This 
relatively  high  value  implies  that  compressibility 
undoubtedly  has  a  significant  impact  on  development  of 
the  current  free  shear  layers.^'^ 

Initial  Shear  Laver  Structure 
Mean  Velocity 

In  this  section,  the  initial  development  of  the 
shear  layer  immediately  downstream  of  the  separation 
point  will  be  presented  for  both  cases.  Figure  2  shows  the 
development  of  the  nondimensional  mean  streamwise 
velocity,  U/Ui,  for  each  case  where  Ui  is  the  mean 
freestream  velocity  approaching  the  separation  point  (Ui 
=  583  m/s  for  Case  1  and  567  m/s  for  Case  2).  The 
magnitude  of  the  plotted  variable  for  each  case  is  shown 
by  the  scale  at  the  upper  left  of  the  figure.  In  addition, 
lines  denoting  the  approximate  inner  (U  =  O.OIAU)  and 
outer  (U  =  0.99 AU)  edges  of  the  shear  layer  are  shown  in 
the  figure.  The  axial  (x)  and  radial  (r)  location  of  each 
data  point  has  been  nondimensionalized  by  the  radius  of 
the  base  at  separation  (Rq  =  28.97  mm  for  Case  1  and 
31.75  mm  for  Case  2),  and  the  axial  station  for  each  data 
profile  is  shown  by  the  dashed  line  to  the  left  of  that 
profile.  It  should  te  pointed  out  that  the  statistical  data 
shown  downstream  of  separation  are  relative  to  the  mean 
shear  layer  coordinates  (x,y  as  shown  in  Fig.  1)  so  that  the 
streamwise  velocity  statistics  are  always  along  the  axis  of 
the  shear  layer. 

The  transition  from  the  typical  turbulent 
boundary  layer  mean  velocity  profile  upstream  of 
separation  to  an  error  function-type  shear  layer  profile  is 
shown  to  occur  rather  smoothly  (and  rapidly)  for  Case  1 
(Fig.  2a).  Immediately  downstream  of  separation  for  Case 
2,  howevo’,  the  mean  streamwise  velocity  profile  appears 
to  develop  a  "kink"  where  the  mean  velocity  gradient 
changes  alxnptly.  The  discontinuity  in  the  profile  slope  is 
similar  to  that  found  in  rapidly  expanded  boundary 
layers^^*^^  and  most  likely  represents  the  interface 
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between  an  overexpanded  viscous  sublayer  and  an  outer 
boundary  layer  remnant  which  has  reduced  turbulence 
activity  due  to  the  rapid  expansion.  This  contention  will 
be  shown  to  be  a  reasonable  one  as  the  turbulence  data 
near  separation  is  presented  later  in  this  section.  By 
comparing  the  mean  streamwise  velocity  profiles  between 
the  two  cases,  it  is  obvious  that  the  stronger  expansion 
does  indeed  cause  a  more  pronounced  slope  discontinuity 
in  the  mean  velocity  profile  immediately  downstream  of 
separation.  The  enhanced  "kink"  in  the  profile  also  leads 
to  a  larger  peak  mean  velocity  gradient  as  expansion 
strength  increases  such  that,  for  only  moderate  changes  in 
the  shear  stress,  an  increase  in  the  primary  turbulence 
production  term,  <u’v'>9U/3y ,  occurs.  As  will  be  shown, 
the  increase  in  turbulence  production  immediately 
downstream  of  separation  for  Case  2  results  in  higher 
turbulence  levels  further  downstream  as  the  shear  layer 
develops. 

Reynolds  Stresses 

In  addition  to  the  mean  velocity  profiles  near  the 
separation  point,  the  kinematic  streamwise  (a„  /  Uf )  and 
transverse  (ay/U?)  Reynolds  normal  stresses  and  the 
primary  Reynolds  shear  stress  (<u’v’>/Uf )  have  also  been 
determined  from  the  LDV  data  ensembles.  Figure  3 
shows  a  comparison  of  the  dimensionless  streamwise 
kinematic  Reynolds  stress  profiles  near  the  separation 
point  for  each  case.  Two  rather  obvious  effects  of  the 
rapid  expansion  are  shown  in  the  figure:  the  decrease  in 
the  streamwise  turbulent  fluctuations  over  the  middle 
portion  of  the  shear  layer  as  compared  to  the  boundary 
layer  and  the  large  increase  in  the  turbulence  levels  at  the 
inner  edge  of  the  shear  layer  at  the  interface  of  the  rapidly 
expanded  boundary  layer  and  the  low-speed  recirculating 
fluid  immediately  downstream  of  the  base.  In  the  more 
strongly  expanded  shear  layer  of  Case  2  (Fig.  3b),  both 
effects  are  amplifred  relative  to  Case  1.  Recent 
evidence^ suggests  that  the  decrease  in  the  Reynolds 
stresses  in  the  outer  part  of  the  shear  layer  is  a  result  of 
the  bulk  dilatation  associated  with  the  flow  through  the 
rapid  expansion  which  becomes  more  severe  as  expansion 
strength  increases.  The  increase  in  turbulence  activity  at 
the  inner  edge  of  the  shear  layer  is  most  likely  a  result  of 
significant  mass  entrainment  from  the  low  speed 
recirculation  region  by  large-scale  eddies,  the  effect  of 
which  is  initially  limited  to  a  very  narrow  region  of  the 
shear  layer.  The  location  of  the  sharp  peak  in  the  profiles 
immediately  downstream  of  separation  coincides 
approximately  with  the  location  of  the  peak  mean  velocity 
gradient  (see  Fig.  2).  Note  also  that  the  majority  of  the 
streamwise  evolution  downstream  of  separation  occurs 
within  the  sharply  peaked  region  of  the  profile  with  the 
remaining  portion  of  the  expanded  boundary  layer  merely 
convecting  downstream  relatively  unchanged  from  its 
initial  profile  (the  turbulence  field  is  essentially  "frozen"). 
The  data  shown  in  Fig.  3  can  be  contrasted  with  the 
rapidly  expanded  boundary  layer  data  presented  by 


Dussauge  and  Gaviglio^^  and  also  to  similar  data  obtained 
by  Smith  and  Smits,^^  both  of  which  show  decreases  in 
the  longitudinal  Reynolds  normal  stress  across  the  entire 
boundary  layer  profile  through  the  rapid  expansion.  Of 
course,  it  is  important  to  recognize  the  different  post¬ 
expansion  boundary  conditions  in  the  present  case 
(compliant  boundary  at  the  inner  edge  of  the  shear  layer) 
relative  to  the  rapid  expansion  of  a  turbulent  boundary 
layer  that  remains  attached  to  a  solid  wall.  In  fact,  even 
the  weakly  expanded  boundary  layer  shown  in  Fig.  3a 
produces  a  substantial  increase  in  /  Uf  relative  to  the 
approaching  solid  wall  boundary  layer. 

The  effect  of  the  rapid  expansion  on  the 
transverse  Reynolds  normal  stress,  aj  /Uf ,  is  shown  in 
Fig.  4.  Relative  to  the  striking  changes  through  the  rapid 
expansion  of  the  streamwise  normal  stress  profiles  shown 
in  Fig.  3,  the  transverse  normal  stress  is  only  moderately 
affected  by  the  expansion.  Although  a  peak  does  appear 
in  the  profiles  immediately  downstream  of  separation,  the 
magnitude  is  relatively  unchanged  from  the  peak  value 
upstream  of  separation  for  both  Case  1  and  Case  2.  This 
suggests  that  the  time  scale  associated  with  the  rapid 
expansion  is  small  enough  such  that  significant  turbulence 
reorganization  (component  redistribution  from  streamwise 
to  transverse)  does  not  occur  for  some  distance 
downstream.  Hence,  the  transverse  normal  stress,  which 
depends  intimately  on  the  pressure-strain  and  tuibulent 
diflusion  reorganization  mechanisms,  is  not  immediately 
affected  by  the  expansion.  The  bulk  dilatation  associated 
with  the  rapid  expansion  again  causes  a  decrease  in  the 
transverse  normal  stress  which  can  be  seen  in  the  middle 
of  the  shear  layer  when  compared  to  similar  regions  in  the 
approach  boundary  layer.  By  comparing  the  relative 
sc^es  used  to  plot  the  turbulence  data  in  Figs.  3  and  4,  it 
is  obvious  that  the  streamwise  Reynolds  normal  stress  far 
exceeds  the  transverse  component  in  the  peak  turbulence 
region  of  the  shear  layer  immediately  downstream  of 
separation.  This  point  is  shown  more  clearly  in  Fig.  5 
where  the  normal  stress  anisotropy  (aj  /a*)  profiles  near 
the  separation  point  are  shown.  As  for  the  peak 
streamwise  normal  stress,  the  peak  normal  stress 
anisotropy  is  approximately  a  factor  of  2  larger  for  Case  2 
than  for  the  weakly  expanded  shear  layer  of  Case  I,  which 
is  expected  since  the  effect  of  the  rapid  expansion  on  the 
transverse  normal  stress  component  was  found  to  be 
relatively  weak.  Disregarding  the  strong  peak  in  the 
anisont)py  profiles  near  the  inner  edge  of  the  shear  layer, 
it  appears  that  the  rapid  expansion  has  little  effect  on  the 
anisotropy  profile  across  the  remainder  of  the  shear  layer 
when  compared  to  the  approach  boundary  layer.  In  fact, 
this  result  is  consistent  with  the  calculations  of  Smith  and 
Smits^^  who  predicted  little  change  in  the  normal  stress 
anisotropy  ratio  of  a  rapidly  expanded  boundary  layer 
using  Rapid  Distortion  Approximations. 

Profiles  of  the  primary  Reynolds  shear  stress, 
-<u’v'>/Uf ,  near  the  separation  point  arc  plotted  in  Fig.  6 
for  both  cases.  The  effect  of  the  rapid  expansion  is  shown 
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to  be  similar  to  that  shown  in  Fig.  3  for  the  stieamwise 
normal  stress,  namely,  a  reduction  in  the  stress  level  over 
the  majority  of  the  shear  layer  width  (bulk  dilatation 
effect)  with  a  sharp  peak  at  the  inner  edge  where  the 
separating  boundary  layo'  interfaces  with  the  low-speed 
recirculating  fluid  behind  the  base.  It  is  reasonable  to 
expect  large  shear  stress  magnitudes  at  the  inno'  edge  of 
the  shear  layer  as  large-scale  organized  motions  are  the 
primary  source  of  mass  entrainment  from  the  low-speed 
fluid  behind  the  base.  As  mentioned  above,  the  compliant 
boundary  at  the  inner  edge  of  the  shear  layer,  which  does 
not  restrict  the  motion  of  these  large-scale  eddies,  results 
in  significant  increases  in  the  magnitudes  of  the  Reynolds 
stresses  when  compared  to  rapidly  expanded,  supersonic 
boundary  layers  along  a  solid  wall.^^*^^  When  compared 
to  the  streamwise  normal  stress  profiles  in  Fig.  3,  the 
shear  stress  appears  to  be  more  strongly  affected  by  the 
expansion,  as  evidenced  by  the  complete  absence  of  any 
shear  stress  across  the  majority  of  the  profile.  The 
destruction  of  the  shear  stress  in  the  outer  part  of  the 
expanded  boundary  layer  implies  negligible  turbulence 
production  in  this  region  which,  as  mentioned  previously, 
results  in  a  "frozen"  turbulence  field  that  changes  very 
little  with  downstream  distance.  Of  course,  in  the  region 
of  the  strong  shear  stress  peak,  a  totally  different  picture 
of  the  flow  is  found.  The  peak  shear  stress  occurs 
approximately  at  the  same  location  as  the  peak  mean 
velocity  gradient  which,  immediately  downstream  of 
separation,  is  quite  large;  hence,  the  primary  production 
term,  <u'v'>dU/dy,  also  reaches  a  strong  peak  at  this 
point.  Since  the  turbulence  production  is  primarily 
centered  within  a  very  narrow  region  of  the  shear  layer 
profile  (i.e.,  near  the  peak  shear  stress  location),  the 
normal  and  shear  stress  profiles  broaden  rapidly  with 
downstream  distance  as  the  turbulence  energy  is 
transferred  from  the  streamwise  component  (primary 
extractor  of  turbulence  energy  from  the  mean  flow)  to  the 
transverse  and  tangential  components  through  pressure- 
strain  and  turbulent  diffusion  processes. 

Quadrant  Decomposition  Analysis 

In  order  to  provide  a  more  detailed  description  of 
the  structure  of  the  Reynolds  stress  field  immediately 
downstream  of  separation,  the  individual  LDV  velocity 
realizations  for  both  cases  were  analyzed  using  the 
quadrant  decomposition  technique.25-27  The 
instantaneous  velocity  fluctuations  (u'.v*)  were  determined 
for  the  entire  ensemble  of  LDV  data  at  a  given  spatial 
location  and  then  plotted  against  each  other  as  shown  in 
Fig.  7.  For  all  cases  shown,  the  velocity  fluctuations  are 
nondimensionalized  by  the  local  streamwise  root-mean- 
square  velocity  fluctuation,  Gu.  In  this  manner,  the 
decomposition  provides  a  comparison  of  the  typical 
turbulence  structure  upstream  of  separation  (Fig.  7a,  Case 
1  shown  although  Case  2  results  are  similar)  to  that 
immediately  downstream  of  separation  for  Case  1  (Fig. 
7b)  and  Case  2  (Fig.  7c).  The  data  ensembles  shown  in 


Fig.  7  correspond  with  the  peak  shear  stress  location  in 
each  case,  with  the  actual  (x,r)  position  of  the  data 
ensemble  given  at  the  upper  right  of  each  figure  along 
with  the  ensemble-averaged  shear  stress  value.  Notice 
that,  in  general,  the  distribution  of  the  turbulence  energy 
(i.e.,  turbulence  structure)  changes  drastically  from  the 
attached  boundary  layo*  to  the  separated  shear  layer.  The 
quadrant  decomposition  in  the  txrundary  layer  (Fig.  7a) 
^splays  a  wide  array  of  velocity  fluctuations  with  no 
strong  preferential  orientation.  This  is  in  sharp  contrast  to 
the  velocity  fluctuations  shown  in  Figs.  7b  and  7c 
immediately  downstream  of  separation  for  Case  1  and 
Case  2,  respectively.  In  the  separated  shear  layers,  the 
velocity  fluctuations  tend  to  become  more  organized  and 
aligned  along  a  preferential  stress  direction.  Since 
coherent,  large-scale  turbulent  structures  are  the  most 
significant  contributor  to  the  Reynolds  shear  stress,  it 
follows  from  Fig.  7  that  the  structures  in  the  initial  shear 
layer  are  more  organized  than  those  present  in  the 
approach  boundary  layer.  This  result  is  in  agreement  with 
Petullo  and  Dolling^  who  used  a  dual  hot-wire  probe  to 
show  that  the  large-scale  structures  in  compressible  free 
shear  layers  are  generally  more  organized  than  those  in 
turbulent  boundary  layers.  Dawson  and  Samimy^  and 
Amette  et  al.^^  both  found  that  rapid  expansions  also 
caused  an  increase  in  the  organization  of  the  large-scale 
structures  for  attached  boundary  layers.  In  the  present 
case,  it  appears  that  the  strength  of  the  rapid  expansion 
(compare  Cases  1  and  2)  may  cause  a  slight  increase  in 
the  organization  of  the  shear  stress,  but  the  boundary  layer 
separation  alone  (not  necessarily  the  expansion  strength) 
^rpears  to  be  a  more  dominant  factor  in  the  organization 
of  the  sh^  stress  in  the  present  case. 

The  orientation  of  the  shear  stress  field  was 
investigated  further  in  the  present  study  by  computing  the 
instantaneous  shear  angle  (t|r  =  tan*^  v7u')  for  each 
velocity  realization  and  then  sorting  the  entire  ensemble 
of  angles  into  histogram  form.  In  this  manner,  velocity 
fluctuations  which  occur  in  the  first  and  third  quadrants 
will  have  y  >  0,  while  quadrants  two  and  four  will  contain 
fluctuations  with  y  <  0.  Note  that  y  =  0  corresponds  to  a 
velocity  fluctuation  along  the  u'  axis  (i.e.,  a  purely 
streamwise  fluctuation).  The  histograms  generated  for  the 
data  shown  in  Fig.  7  are  presented  in  Hg.  8.  As  discussed 
above  in  relation  to  the  quadrant  decomposition,  the 
approach  boundary  layer  velocity  fluctuations  (Fig.  8a) 
occur  over  the  entire  range  of  possible  shear  angles  with 
no  dominant  shear  stress  orientation.  It  is  typarent  from 
Hg.  8a,  however,  that  realizations  in  quadrants  2  and  4  (y 
<  0)  occur  somewhat  more  frequendy  that  in  the  other 
quadrants,  which  is  consistent  with  the  results  of 
Willmarth  and  Lu^^  and  Alving  et  al.^^  for  turbulent 
boundary  layers  in  subsonic  flow.  Downstream  of 
boundary  layer  separation,  the  distribution  of 
instantaneous  shear  angles  takes  quite  a  different 
charxter  as  shown  in  Figs.  8b  and  8c  for  Cases  1  and  2, 
respectively.  For  the  weakly  expanded  case  shown  in  Fig. 
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8b,  the  shear  stress  is  strongly  oriented  around  an  angle  of 
approximately  -12  degrees  from  the  mean  flow  direction 
with  a  percentage  of  occurrences  which  is  much  larger 
than  that  in  the  approach  boundary  layer.  This  shows 
quantitatively  the  increase  in  organization  of  the  turbulent 
structures  in  the  separated  shear  layers.  As  the  rapid 
expansion  becomes  stronger  (Fig.  8c),  the  magnitude  of 
the  preferential  shear  stress  angle  becomes  slightly  larger 
(approximately  -16  degrees)  although  the  general  shape  of 
the  distribution  is  relatively  unchanged  from  the  weakly 
expanded  case.  The  small  increase  in  the  dominant  shear 
angle  magnitude  with  increasing  expansion  strength  may 
be  the  result  of  an  increase  in  the  large-scale  structure 
angle  relative  to  the  mean  flowfield.  Although  the  present 
data  is  somewhat  inconclusive  on  this  point,  Amette  et 
al.^®  provide  some  evidence  to  support  this  fact  in  rtqridly 
expanded,  attached,  supersonic  boundary  layers. 

The  histograms  of  instantaneous  shear  angle 
shown  in  Fig.  8  are  effective  in  identifying  the  dominant 
shear  direction  relative  to  the  mean  flowfield,  but  yield  no 
information  as  to  the  magnitude  of  the  dominant  velocity 
fluctuations.  To  circumvent  this  problem,  the  conditional 
quadrant  detection  technique  of  Willmarth  and  Lu^^  was 
applied  to  the  data  shown  in  Figs.  7  and  8.  In  this  method, 
the  instantaneous  velocity  fluctuations  are  sorted  into  one 
of  five  bins  using  the  following  algorithm:  if  lu’v'l  >  H 
l<u'v'>l  then  the  individual  realization  is  placed  in  its 
respective  quadrant  (e.g.,  when  u’  >  0  and  v’  <  0,  u’v’  is 
placed  in  quadrant  4  which  is  denoted  Q4  in  the  following 
discussion),  but  if  lu'v'l  ^  H  l<u'v'>l  the  realization  is 
placed  into  the  fifth  category  which  is  denoted  the  hole. 
After  sorting  the  realizations,  the  five  bins  are 
individually  averaged  to  show  the  quadrants  in  which 
large  shear  stress  fluctuations  exist  The  hole  size  (H)  is 
essentially  a  lower  threshold  for  the  sorting  process  and  is 
altered  parametrically.  The  conditional  quadrant  averages 
as  a  percentage  of  the  total,  ensemble-averaged  shear 
stress  (<uV>)  are  shown  as  a  function  of  the  hole  size  (H) 
in  Fig.  9  for  the  same  data  sets  shown  in  Figs.  7  and  8. 
The  quadrant  average  <  u’  v'  >„  was  computed  by  the 
following  equation: 


<u’ v'>„= 


i:(u’v’)n 

N^<uV> 


(1) 


where  (u’  v'  )„  is  an  individual  realization  in  quadrant  n 
and  is  the  number  of  realizations  in  the  entire  data 
set  (in  this  manner,  the  sum  of  the  quadrant  and  hole 
averages  is  always  100%).  In  the  boundary  layer 
approaching  separation  (Fig.  9a),  the  dominant  velocity 
fluctuations  are  shown  to  occur  in  Q2  (u'  <  0  and  v'  >  0) 
and  Q4  (u'  >  0  and  v'  <  0)  which,  as  discussed  by  Wallace 
et  al.,^^  correspond  to  fluid  ejections  and  sweeps, 
respectively.  At  H  =  10  the  majority  of  the  shear  stress 
contribution  comes  from  large  fluctuations  in  Q2  (i.e., 
fluid  ejections  from  the  wall  are  large  and  contribute 
significantly  to  the  total  shear  stress).  These  results  are 
similar  to  those  of  Alving  et  al.^^  obtained  in  an 


incompressible  turbulent  boundary  layer.  Downstream  of 
boundary  layer  separation  (Figs.  9b  and  9c),  the 
dominance  of  the  Q2  and  Q4  fluctuations  becomes  very 
apparent  as  the  Q1  and  Q3  contributions  to  <u'v'>  have 
very  small  magnitudes  for  all  values  of  the  hole  size  (H). 
As  discussed  previously,  the  organization  of  the  large- 
scale  structures  is  enhanced  in  the  shear  layer  after 
separation  as  compared  to  the  approach  boundary  layer; 
hence,  it  is  not  surprising  that  the  dominant  fluctuations  in 
the  boundary  layer  (Q2  and  Q4)  become  more  pronounced 
in  the  shear  layer.  The  eflect  of  the  strength  of  the  rapid 
expansion  on  the  shear  stress  distribution  appears  to  be 
rather  small  as  shown  by  the  similar  distributions  of  Figs. 
9b  and  9c. 

In  Rgs.  7-9  distributions  of  the  Reynolds  stresses 
at  the  peak  stress  locations  in  the  boundary  layer  and 
separated  shear  layers  have  been  presented.  However,  it 
is  also  instructive  to  investigate  the  shear  stress  quadrant 
distributions  at  locations  other  than  the  shear  stress  peak. 
Figure  10  shows  conditional  quadrant  averages  for  two 
locations  immediately  downsueam  of  separation  for  Case 
2:  one  location  on  the  high-velocity  side  of  the  shear 
stress  peak  (Fig.  10a)  and  one  location  on  the  low-velocity 
side  of  the  peak  (Fig.  10b).  Note  that  the  actual  radial 
position  of  each  data  ensemble  is  shown  at  the  upper  left 
of  each  figure  (as  shown  in  Fig.  7c,  the  peak  shear  stress 
occurs  at  r/Ro  =  0.973  for  the  axial  station  shown).  Figure 
10  shows  quite  clearly  that  significant  changes  occur  in 
the  Reynolds  shear  stress  distribution  near  the  peak  shear 
location.  Compared  to  the  conditional  quadrant  averages 
shown  in  Fig.  9c  for  the  peak  shear  stress  location,  the 
relative  distributions  between  Q2  and  Q4  change 
considerably,  which  is  quite  striking  when  considering  the 
very  small  difference  in  absolute  radial  position  between 
the  data  shown  in  Figs.  10a  and  10b.  On  the  high-velocity 
side  of  the  peak,  the  velocity  fluctuations  in  Q2  far 
outweigh  those  in  Q4  while  the  opposite  is  true  on  the 
low-velocity  side.  At  the  peak  shear  stress  location,  the 
contributions  from  Q2  and  Q4  are  relatively  equal 
(especially  when  compared  to  Fig.  10).  These  results  are 
most  likely  an  effect  of  the  fluctuating  interface  that 
defines  the  inner  edge  of  the  shear  layer  (i.e.,  the 
intermittency  at  the  inner  edge).  For  spatial  locations 
within  the  recirculation  region  but  very  near  the  mean 
location  of  the  shear  layer  inner  edge  (Fig.  10b), 
significant  Q4  events  (u*  >  0  and  v'  <  0)  occur  which  can 
be  associated  with  the  passage  of  large-scale  structures  in 
the  shear  layer.  In  other  words,  large  fluctuations  to  the 
mean  flow  occur  from  faster  moving  (u'  >  0)  fluid 
elements  which  are  oriented  at  a  steeper  angle  (v*  <  0) 
relative  to  the  mean  flow  (see  Fig.  1).  At  locations  where 
the  majority  of  velocity  realizations  come  from  within  the 
shear  layer  (Rg.  10a),  large  fluctuations  occur  in  Q2  (u*  < 
0  and  v'  >  0)  due  to  the  engulfment  of  low-speed  fluid 
from  the  recirculating  region  by  the  large  eddies  in  the 
shear  layer.  As  shown  in  Fig.  9c,  peak  ensemble- 
averaged  shear  stress  values  occur  when  the  contributions 
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from  Q2  and  Q4  are  approximately  equal  (i.e.,  an 
intermittency  at  the  shear  layer  inner  edge  of 
approximately  0.5).  This  observed  trend  was  consistent 
across  several  axial  locations  for  Case  2  as  well  as  for  the 
weakly  expanded  shear  layer  of  Case  1.  so  it  is  most  likely 
a  characteristic  of  separated  shear  layers,  in  general,  and 
not  necessarily  an  effect  of  the  expansion  strength  itself. 

Shear  Laver  Approach  to  Self-Similaritv 

In  the  previous  section,  the  shear  layer 
characteristics  immediately  downstream  of  separation 
were  compared.  The  strength  of  the  expansion  was  shown 
to  have  a  significant  effect  on  the  streamwise  normal 
stress  and  shear  stress  distributions.  In  addition,  the  shear 
layer  appeared  more  organized  than  the  approach 
boundary  layer  with  a  turbulence  field  that  is  strongly 
aligned  in  a  preferential  direction.  In  the  current  section, 
the  effects  of  the  rapid  expansion  are  traced  further 
downstream  into  the  region  where  the  shear  layer 
approaches  similarity.  As  will  be  shown,  many  of  the 
same  features  that  were  prominent  in  the  shear  layer 
immediately  downstream  of  separation  persist  far 
downstream  into  the  self-similar  region. 

Mean  Velocity 

As  mentioned  earlier,  several  authors  have 
suggested  that  the  shear  layer  initial  conditions  (i.e., 
conditions  at  separation  of  the  boundary  layer)  can  have  a 
significant  effect  on  the  mean  and  turbulence  properties  in 
the  fully-developed  state.  Figure  11  is  a  comparison  of 
the  mean  streamwise  velocity  profiies  between  Case  1  and 
Case  2  where  the  data  are  plotted  in  similarity  coordinates 
typical  of  two-stream  shear  layers  (b  is  the  10%-90% 
velocity  thickness,  rmid  is  the  physical  center  of  the  shear 
layer,  U2  is  the  mean  velocity  at  the  inner  edge  of  the 
shear  layer,  and  AU  is  the  mean  velocity  difference). 
Note  that  both  Case  1  (open  symbols)  and  Case  2  (closed 
symbols)  data  are  shown  at  two  axial  locations  each,  both 
of  which  are  relatively  far  downstream  of  separation  (in 
terms  of  the  momentum  thickness  of  the  approach 
boundary  layer,  61,  mean  velocity  data  are  shown  at  x/61 
=  100  and  200).  The  mean  streamwise  velocity  proHIes 
across  the  shear  layer  collapse  reasonably  well  when 
plotted  in  similarity  coordinates,  suggesting  that  local 
self-similarity  has  been  reached  in  the  mean  velocity.  In 
addition,  the  good  comparison  between  Case  1  and  Case  2 
shown  in  Fig.  11  suggests  that  the  relatively  strong 
expansion  of  Case  2,  which  distorted  the  initial  shear 
layer  mean  velocity  profile  (Fig.  2b),  has  little  effect  on 
the  mean  velocity  profile  far  downstream.  All  profiles 
shown  exhibit  a  relatively  sharp  comer  at  the  outer  edge 
and  a  more  rounded  ^pearance  at  the  inner  edge,  both  of 
which  are  characteristic  of  fully-developed  compressible 
free  shear  layers.^®  Although  mean  velocity  profrles  arc 
shown  at  only  two  axial  stations  for  each  case,  several 
more  data  traverses  were  obtained  and,  when  plotted 
together,  indicate  that  the  mean  velocity  for  both  cases 


becomes  approximately  self-similar  at  x/61  In 

their  studies  of  compressible  shear  layers  generated  by  a 
constant  pressure  separation,  Samimy  et  al.^^  and  Petrie  et 
al.^^  observed  mean  velocity  similarity  after  x/9i  =  200 
and  250,  respectively.  The  discrepancy  between  these 
results  and  current  data  is  most  likely  due  to  the  choice  of 
similarity  variables  which,  for  the  previous 
investigations, neglected  the  recirculating  flow  at  the 
inner  edge  of  the  shear  layer  (U2  ^  0  using  the 
nomenclature  in  Fig.  1 1). 

To  further  compare  the  mean  growth 
characteristics  of  the  shear  layers,  the  velocity  thickness, 
b,  is  plotted  against  axial  distance  in  Fig.  12.  Note  that 
the  shear  layers  in  both  cases  shown  in  Fig.  12  grow 
approximately  linearly  beginning  almost  immediately 
downstream  of  separation  where  the  approach  to  self¬ 
similarity  is  undoubtedly  in  its  early  stages.  Mehta^ 
reported  similar  behavior  for  subsonic  mixing  layers  and 
concluded  that  linear  shear  layer  growth  (db/dx  = 
constant)  is  a  necessary  but  not  sufficient  condition  for 
self-similarity.  The  shear  layer  velocity  thickness 
distributions  shown  in  Fig.  12  each  seem  to  contain  two 
distinct  regions;  a  region  of  rapid  linear  growth  almost 
immediately  downstream  of  separation  as  the  shear  layer 
begins  development,  and  a  region  of  slower  linear  growth 
after  the  shear  layer  reaches  mean  velocity  self-similarity. 
The  fact  that  a  compressible  shear  layer  grows  linearly 
almost  immediately  after  separation  may  be  a  cause  for 
the  relatively  large  discrepancies  in  the  shear  layer  growth 
rates  reported  in  the  literature.^  In  the  present 
experiments,  the  growth  rate  (db/dx)  of  the  shear  layers 
after  mean  velocity  self-similarity  had  been  attained  was 
estimated  to  be  0.032  and  0.090  for  Case  1  and  Case  2, 
respectively.  The  large  diffoence  in  these  two  results  will 
be  discussed  in  detail  below  in  conjunction  with  the  shear 
layer  turbulence  characteristics  for  each  case.  The  growth 
rate  for  Case  2  compares  favorably  with  the  result  of 
Samimy  et  al.^^  (db/dx  =  0.093)  which  was  measured  in  a 
shear  layer  at  nearly  the  same  conditions  as  the  present 
experiment 

Reynolds  Stresses 

In  addition  to  spatially  independent  mean 
velocity  profiles,  turbulence  data  must  also  collapse  into  a 
self-similar  form  in  order  for  the  shear  layer  to  be  labeled 
fully  developed.  Figure  13  shows  the  streamwise 
Reynolds  normal  stress  profiles  far  downstream  of  the 
base  com^  for  Case  2.  In  this  figure,  the  normal  stress  is 
nondimensionalized  by  the  square  of  the  velocity 
difference  across  the  shear  layer  (AU)  which  changes  only 
slightly  with  axial  distance.  Contrary  to  the  mean  velocity 
profiles  of  Fig.  11,  the  streamwise  normal  stress  profiles 
do  not  reach  a  self-similar  state  within  the  current 
measurement  domain.  The  last  two  profiles  (x/Ro  =  1.57 
and  1.89),  howevo-,  seem  to  collapse  fairly  well  onto  one 
another  indicating  that  self-similarity  could  have  been 
achieved  given  a  slightly  longer  development  distance. 
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Several  authors  (e.g..  Refs.  2  and  3)  have  also  found  that 
turbulence  properties  develop  mote  slowly  than  the  shear 
layer  mean  velocity  distribution.  Profiles  of  the 
streamwise  Reynolds  normal  stress  for  Case  1  were  very 
similar  in  shape  to  those  shown  in  Fig.  13,  but  the  peak 
values  at  the  far  downstream  axial  stations  were  reduced 
by  approximately  10%.  The  transverse  Reynolds  normal 
stress  {Oy/AU)  and  the  primary  Reynolds  shear  stress 
(<u'v'>/AU*)  profiles  for  each  case  exhibited  even 
slower  development  than  the  streamwise  normal  stress 
with  no  apparent  self-similar  distributions  at  the  last 
measurement  station.  In  addition,  peak  values  at  the  last 
measurement  station  were  again  higher  for  Case  2  (20% 
for  the  transverse  normal  stress  and  11%  for  the  primary 
shear  stress)  when  compared  to  Case  1.  It  is  apparent 
from  these  data  that  information  on  the  turbulence 
property  development  is  essential  when  establishing  the 
fully-developed  state  of  compressible  shear  layers.  Also, 
the  far-field  effect  of  increasing  expansion  strength  at  the 
shear  byer  origin  is  to  increase  the  overall  turbulence 
levels  in  the  shear  layer  which,  in  turn,  implies  larger 
shear  layer  growth  rates  (see  Fig.  12).  Obviously,  the 
elevated  inidal  streamwise  normal  stress  and  shear  stress 
levels  along  with  larger  initial  turbulence  production  rates 
in  Case  2  combine  to  enhance  the  far-field  Reynolds 
stress  magnitudes  relative  to  Case  1. 

Immediately  downstream  of  separation,  the 
strength  of  the  rapid  expansion  was  shown  to  have  a 
significant  impact  on  the  relative  distribution  of  the 
Reynolds  normal  stresses  (Fig.  5)  in  the  shear  layer,  the 
peak  normal  stress  anisotropy  ratio  (aj  /cj)  for  Case  2 
was  approximately  a  factor  of  2  larger  than  that  for  Case 
1.  To  investigate  the  persistence  of  this  disturbance  in  the 
far-field,  a  comparison  of  the  normal  stress  anisotropy 
profiles  at  the  last  measurement  station  of  the  present  data 
is  shown  in  Fig.  14.  In  addition  to  having  reduced  peak 
values  from  those  immediately  downstream  of  separation, 
both  profiles  appear  similar  in  shape  although  the  peak 
magnitudes  are  slightly  larger  for  the  Case  1  data.  The 
decrease  in  the  peak  anisotropy  ratio  from  that 
immediately  downstream  of  separation  is  largely  a  result 
of  turbulent  diffusion  which  transfers  turbulent  energy 
from  the  initially  narrow  Reynolds  stress  peak  outward  in 
the  shear  layer  to  regions  of  lower  turbulence.  The  shear 
stress  correlation  coefficient,  <u'v’>/(<TuCrv).  was  also 
found  to  recover  rather  quickly  from  distorted  profiles 
immediately  downstream  of  separation.  Hence,  it  tq>pears 
that  the  effects  of  the  rapid  expansion  persist  far 
downstream  in  terms  of  the  absolute  magnitudes  of  the 
turbulence  quantities,  but  become  relatively  unimportant 
in  determining  the  far-Held  structure  of  the  shear  layer 
turbulence  field  (i.e.,  distribution  of  turbulence  energy 
between  the  Reynolds  stress  components). 

As  discussed  above,  the  quadrant  decomposition 
technique  is  an  effective  method  to  present  the 
distribution  and  organization  of  the  Reynolds  stress  field. 
Figure  15  shows  the  hole  diagram  for  Case  2  at  the  peak 


shear  stress  location  far  downstream  of  the  shear  layer 
origin  (x/R©  *  1.57).  When  compared  to  the  similar 
diagram  immediately  downstream  of  separation  (Fig.  9c), 
it  is  apparent  that  velocity  fluctuations  from  Q2  and  Q4 
again  dominate  the  shear  stress  field.  However,  it  tqipears 
that  the  two  positive  shear  stress  quadrants  (Q1  and  Q3) 
play  a  more  signiHcant  role  in  the  shear  layer  turbulence 
field  far  downstream  and,  in  £act,  reach  contribution  levels 
(approximately  -20%)  that  are  very  similar  to  those  shown 
previously  in  the  approach  boundary  layer  (Fig.  9a).  The 
hole  diagram  for  Case  1  at  x/R©  =  1.S5  was  found  to  be 
very  similar  to  that  shown  in  Fig.  15  for  Case  2.  This 
observation  supports  the  previous  contention  that  the 
relative  distribution  of  the  Reynolds  stresses  in  the  far- 
field  is  relatively  una^ected  in  the  present  case  by  the 
strength  of  the  expansion  at  its  origin. 

The  rapid  expansion  was  shown  to  strongly 
affect  the  streamwise  normal  stress  immediately 
downstream  of  separation  (Fig.  3),  but  to  have  little  effect 
on  the  transverse  component  (Fig.  4).  In  Fig.  16  the  peak 
streamwise  and  transverse  normal  stress  levels  for  each 
case  are  compared  at  various  axial  positions  along  the 
shear  layer  axis.  The  peak  streamwise  normal  stress 
distributions  for  the  two  cases  (Fig.  16a)  are  very  similar 
in  shape  with  a  peak  immediately  downstream  of 
boundary  layer  separation  followed  by  a  relaxation  to  a 
local  minimum  and  then  sustained  growth  to  the  end  of 
the  measurement  domain.  However,  the  magnitudes  for 
Case  2  are  everywhere  larger  than  those  for  Case  1, 
especially  immediately  downstream  of  separation  where 
the  effects  of  the  rapid  expansion  are  largest.  This  again 
supports  the  prior  conclusion  that  the  rapid  expansion 
affects  the  overall  turbulence  levels  in  the  shear  layer  far 
downstream  of  the  shear  layer  origin.  The  short 
relaxation  region  downstream  of  separation  is  similar  to 
that  observed  by  Gaviglio  et  al.^^  in  their  hot-wire  study 
of  supersonic  base  flows  and  is  essentially  a  relaxation 
region  downstream  of  the  rapid  expansion.  The  lag 
between  the  location  of  peak  turbulence  production 
(immediately  downstream  of  separation)  and  the  start  of 
increasing  streamwise  normal  stress  levels  appears  to  be  a 
function  of  the  expansion  strength  (Fig.  16a).  The  peak 
transverse  Reynold  normal  stress  distributions  shown  in 
Fig.  16b  exhibit  relatively  small  magnitudes  shortly 
downstream  of  separation  that  increase  with  downstream 
distance  over  the  majority  of  the  measurement  domain. 
As  in  the  streamwise  component,  the  transverse  normal 
stress  far  downstream  of  the  shear  layer  origin  is  greater 
for  Case  2  than  for  Case  1.  In  fact,  the  redistribution  of 
turbulent  energy  from  the  streamwise  component  to  the 
transverse  and  tangential  components  is  the  primary 
mechanism  for  increasing  the  transverse  normal  stress  as 
shown  in  Fig.  16b  (transverse  normal  stress  production  is 
small  everywhere).  Since  the  shear  layer  in  Case  2  has 
higher  streamwise  normal  stress  levels  throughout  its 
development  than  Case  1,  it  is  reasonable  that  the 
transverse  normal  stress  far  downstream  should  be  larger 
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for  Case  2.  Notice  that  the  difference  between  the  two 
cases  becomes  greater  with  downstream  distance  which 
shows  the  continued  effect  of  the  elevated  streamwise 
noimal  stress  levels  for  Case  2. 

SUMMARY  AND  CONCLUSIONS 

An  experimental  investigation  of  the  effects  of  a 
rapid  expansion  on  the  development  of  compressible  free 
shear  layers  has  been  presented.  Two  shear  layers  with 
rapid  expansions  of  different  strengths  have  been 
compared,  and  from  these  data,  the  following  conclusions 
can  be  drawn: 

(1)  The  rapid  expansion  distorts  the  initial 
mean  velocity  proflle  of  the  shear  layer  in  a  manner 
similar  to  rapidly  expanded,  attached,  supersonic 
boundary  layers.  Namely,  a  "kink"  in  the  mean  velocity 
profile  or  discontinuity  in  the  mean  velocity  gradient  is 
generated  which  appears  to  mark  the  interface  between 
two  distinct  regions  in  the  initial  shear  layer  an  inner 
region  with  significant  turbulence  levels  and  rapid 
streamwise  growth,  and  an  outer  region  of  "frozen" 
turbulence  which  convects  downstream  relatively 
unchanged.  Transition  from  the  distorted  initial  mean 
velocity  profile  to  a  typical  error  function-type  shear  layer 
profile  occurs  very  rt^idly. 

(2)  The  turbulence  field  immediately 
downstream  of  separation  is  altered  in  magnitude  and 
structure  by  the  rapid  expansion.  Over  the  majority  of  the 
shear  layer  width,  turbulence  activity  is  reduced  from  the 
levels  in  the  approach  boundary  layer  most  likely  due  to 
bulk  dilatation  effects;  however,  at  the  interface  of  the 
shear  layer  and  the  recirculating  fluid  at  the  inside  edge, 
large  streamwise  normal  stresses  and  shear  stresses  are 
present,  which  are  magnified  substantially  by  the  rapid 
expansion.  This  may  be  due  to  an  enhancement  of  the 
energy-containing,  large-scale  turbulent  structures 
through  the  rapid  expansion  which  entrain  low-speed  fluid 
along  the  inside  edge  of  the  shear  layer.  The  peak 
transverse  Reynolds  normal  stress,  on  the  other  hand,  is 
largely  unaffected  by  the  expansion. 

(3)  Analysis  of  the  initial  Reynolds  stress  field 
using  the  quadrant  decomposition  technique  shows  an 
increase  in  the  shear  stress  organization  when  compared 
to  the  approach  boundary  layer,  although  the  effect  of  the 
expansion  strength  on  the  degree  of  organization  spears 
small  over  the  range  investigated  here.  At  the  peak  shear 
stress  location  immediately  downstream  of  separation, 
turbulent  fluctuations  from  quadrants  2  and  4  contribute 
equally  to  the  shear  stress  while  fluctuations  in  quadrants 
1  and  3  are  negligible. 

(4)  Far  downstream  of  the  rapid  expansion 
(x/01  >  100),  the  mean  velocity  profiles  reach  a  common 
self-similar  form  that  is  apparently  unaffected  by  the 
magnitude  of  the  rapid  expansion.  The  turbulence 
properties  develop  more  slowly  than  the  mean  velocity 
and  do  not  reach  self-similarity  within  the  present 
measurement  domain. 


(5)  The  strength  of  the  rapid  expansion  at  the 
shear  layer  origin  is  felt  far  downstream  as  an  increase  in 
the  overall  turbulence  levels  in  the  shear  layer.  At  the  last 
measurement  station  presented  herein,  the  peak 
streamwise  normal  stress,  transverse  normal  stress,  and 
primary  shear  stress  for  the  stronger  expansion  case  were 
10%,  20%,  and  11%  larger,  respectively,  than  the  peak 
values  for  the  weakly  expanded  case.  The  large  increase 
in  the  transverse  normal  stress  is  a  result  of  the  continued 
elevation  of  the  streamwise  normal  stress  in  conjunction 
with  the  redistribution  mechanisms  for  turbulent  energy 
exchange  between  the  components.  A  similar  argument 
holds  for  the  primary  shear  stress  which  gains  turbulent 
energy  from  the  mean  flowHeld  primarily  through 
transverse  velocity  fluctuations. 

(6)  Although  the  magnitudes  of  the  Reynolds 
stresses  in  the  shear  layer  are  enhanced  by  the  strength  of 
a  rapid  expansion  at  its  origin,  the  relative  distribution  of 
the  turbulence  energy  between  the  Reynolds  stress 
components  (i.e.,  turbulence  structure)  far  downstream  of 
the  origin  is  relatively  unaffected. 
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Table  1  Summary  of  Approach  Boundary  Layer  and 
Freestream  Properties 


Case  1 

Case  2 

Ml 

2.61 

2.46 

M2 

2.71 

2.85 

Ree 

15700 

13700 

5  (mm) 

4.5 

3.2 

6*  (mm) 

1.33 

0.98 

6  (mm) 

0.33 

0.26 

H 

3.98 

3.73 

n 

1.19 

1.37 

Cf 

0.00142 

0.00148 

Ux  (m/s) 

22.4 

21.2 

0  (degs) 

2 
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Turbulent 

Boundary  Expansion  Waves 


Figure  1  Sketch  of  the  Mean  Flowfield  Near  the  Shear 
Layer  Origin 
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Figure  2  Mean  Stieamwise  Velocity  Profiles  Near 
Separation,  U/Ui:  (a)  Case  1,  (b)  Case  2 


Figure  3  Streamwise  Reynolds  Normal  Stress  Profiles 
Near  Separation,  (auAJl)^:  (a)  Case  1, 

(b)  Case  2 
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Figure  4  Transverse  Reynolds  Normal  Stress  Profiles 
Near  Separation,  (OyAJi)^:  (a)  Case  1, 

0))  Case  2 
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Figure  5  Normal  Stress  Anistropy  Profiles  Near 

Separation,  (a)  Case  1,  (b)  Case  2 
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Figure  6  Primary  Reynolds  Shear  Stress  Profiles 
Near  Separation,  -<u'v’>/Ui2:  (a)  Case  1, 
(b)  Case  2 
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Figure  7  Shear  Suess  Quadrant  Decomposition  Near 
Separation:  (a)  Approach  Boundary  Layer 
Case  1,  (b)  Downstream  of  Separation  Case 
1,  (c)  Downstream  of  Separation  Case  2 


Instantaneous  Shear  Angle  (degs) 


Figure  8  Histograms  of  Instantaneous  Shear  Angle: 

(a)  Approach  Boundary  Layer  Case  1, 

(b)  Downstream  of  S^aiadon  Case  1, 

(c)  Downstream  of  Separation  Case  2 
(same  spatial  locations  as  Fig.  7) 
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Figure  9  Quadrant  Contributions  to  Ensemble- 
Averaged  Shear  Stress:  (a)  Approach 
Boundary  Layer  Case  1,  (b)  Downstream  of 
Separation  C^  1,  (c)  IX)wnstream  of 
Separation  Case  2  (same  locations  as  Fig.  7) 


Figure  10  Quadrant  Contributions  to  Ensemble- 

Averaged  Shear  Stress  at  x/R©  =  0.095  for 
Case  2:  (a)  High-Velocity  Side  of  Peak 
<u'v'>  Location,  (b)  Low-Velocity  Side  of 
Peak  <u'v'>  Location 


Figure  11  Mean  Streamwise  Velocity  Profiles  in 
Similarity  Coordinates;  Open  Symbols  - 
Case  1,  Filled  Symbols  -  Case  2 
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Figure  12  Shear  Layer  Velocity  Thickness  Comparison 


(a,/AU)^ 

Figure  13  Streamwise  Reynolds  Normal  Stress  Profiles 
in  Similarity  Coordinates  for  Case  2 


Figure  14  Reynolds  Normal  Stress  Anisotropy 
Comparison  at  x/Rq  =  2.0 


Figure  15  Quadrant  Contributions  to  Ensemble- 

Averaged  Shear  Stress  at  x/Rq  s  1.57  and 
r/Ro  =  0.47  fw  Case  2 


Figure  16  Comparison  of  Peak  Reynolds  Normal  Stress 
Distributions:  (a)  Streamwise  Componrait, 

(b)  Transvoae  Component 
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ABSTRACT 

The  effect  of  base  bleed  on  the  near-wake 
flowfleld  of  a  cylindrical  afterbody  aligned  with  a  Mach 
2.5  flow  has  been  investigated.  This  study  is  aimed  at 
better  understanding  the  complex  fluid  dynamic 
interactions  occurring  in  the  near-wake  due  to  base  bleed 
and  is  motivated  by  the  lack  of  detailed  velocity  and 
turbulence  data  in  this  flowfleld  The  experimental 
techniques  used  include  static  pressure  measurements 
along  the  afterbody  and  the  base  plane,  schlieren  and 
shadowgraph  photography,  and  centerline  traverses 
using  two-component  laser  Doppler  velocimetry  (LDV). 
Results  indicate  relatively  uniform  radial  pressure 
profiles  across  the  base  plane.  With  increasing  bleed 
flowrate  (quantified  by  the  injection  parameter,  I),  the 
average  base  pressure  is  found  to  increase  initially, 
attain  a  peak  value  near  I  =  0.0148,  and  then  decrease 
with  further  increase  in  I.  The  qttimum  bleed  condition 
near  I  =  0.0148  is  also  characterized  by  a  weak  comer 
expansion,  a  minimum  value  of  the  f^ree  shear  layer 
angle,  and  the  near-disappearance  of  the  recirculation 
region  (reverse  velocity)  ^ong  the  centerline  of  the  near¬ 
wake. 

INTRODUCTION 

Flow  separation  at  the  base  of  aerodynamic 
vehicles  such  as  missiles,  rockets,  and  projectiles  leads 
to  the  formation  of  a  low-speed  recirculation  region  near 
the  base.  The  pressure  in  this  region  is  generally 
significantly  lower  than  the  freestream  pressure.  Base 
drag,  caused  by  this  difference  in  pressures,  can  be  up  to 
two- thirds  of  the  total  drag  on  a  body  of  revolution. 
Techniques  such  as  boattailing,  base  burning,  and  base 
bleed  have  been  used  traditionally  to  reduce  base  drag; 
however,  in  the  past,  these  techniques  were  applied  in 
an  empirical  manner  due  to  a  lack  of  detailed  data  and 
understanding  of  the  fluid  dynamic  interactions 
occurring  in  the  base  region.  With  the  advent  of  laser- 
based  optical  flow  diagnostic  techniques  in  the  past 
decade,  it  is  now  possible  to  examine  these  flowflelds  in 
greater  detail  in  a  non-intrusive  manner.  Recently,  a 
detailed  investigation  of  supersonic  axisymmetric  base 
flows  including  the  effects  of  afterbody  boattailing  was 
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completed  by  Herrin  and  Dutton  The  proposed 
research  on  base  bleed  is  the  logical  extension  of  tUs 
recent  investigation. 

Hgure  1  is  a  flowfleld  schematic  of  siqrersonic 
flow  over  a  blunt,  cylindrical  body  with  base  bleed. 
Tbe  superscmic  freestream  flow  undergoes  an  eiqransion 
at  tbe  base  comer  as  the  turbulent  aiqrroacb  boundary 
layer  separates  and  fcmns  a  free  shear  layer.  This  shear 
layer  eventually  undergoes  recompression,  realigiunent. 
and  redevelopment  in  the  wake  of  tbe  afterbody  as  it  is 
constrained  to  turn  along  the  axis  of  synunetry.  Tbe 
shear  layer  entrains  fluid  from  the  region  betund  the 
base  and  accelerates  it  A  recompression  shock  system 
returns  this  fluid  to  tbe  base  region,  forming  a 
recirculation  region  in  tbe  process.  Injection  of  low- 
^leed  fluid  into  tbe  base  region  displaces  the  forward 
stagnation  point  downstream  of  tbe  base  plane.  Tbe 
location  of  the  fmward  stagnation  point  is  determined 
by  a  balance  between  the  momentum  the  injected  gas 
and  that  of  tbe  recirculating  fluid.  Ihe  magnitude  of  tbe 
bleed  flow  rate  is  quantified  using  a  non-dimensional 
injection  parameter,  L  defined  as  tbe  bleed  mass  flow 
rate  normalized  by  tbe  product  of  tbe  base  area  and  tbe 
freestream  mass  flux.  This  deflnition  of  tbe  injection 
parameter  does  not  account  fw  the  aiqnoach  boundary 
layer  thickness  and  the  bleed  flow  momentum,  both  of 
which  have  been  shown  to  affect  the  base  pressure  in  a 
manner  analogous  to  base  bleed. 

Ihe  effect  of  varying  tbe  bleed  mass  flowrate 
on  tbe  base  pressure  ratio  has  been  studied 
experimentally  by  several  researchers  .  Tbe  results  of 
these  experiments  exhibit  certain  common  trends  and 
indicate  three  distinct  operating  regimes  determined  by 
the  quantity  of  mass  injected.  The  base  pressure  ratio 
increases  fairly  Uneariy  with  bleed  rate  at  low  values  of 
I  (regime  1).  A  peak  in  the  base  pressure  ratio  occurs  at 
an  intermediate  value  of  I  (near  I  =  0.01  for  air),  the 
value  of  which  dqiends  on  several  factors  including  tbe 
freestream  Mach  number,  the  size  and  geometry  of  tbe 
bleed  orifice,  and  the  flowrate,  molecular  weight,  and 
temperature  of  the  bleed  gas.  Increases  in  base  pressure 
ratio  (relative  to  tbe  no-bleed  case)  frcnn  10  to  90%  have 
been  reported  for  various  combinations  of  the 
aforementioned  parameters.  As  the  bleed  rate  is 
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increased  past  the  optimum  value,  the  base  pressure 
ratio  decreases  (regime  2)  until  it  reaches  a  relative 
minimum.  A  further  increase  in  the  bleed  flow  leads  to 
the  onset  of  power-cm  conditions  (regime  3)  when  the 
bleed  flow  becomes  supersonic,  resulting  in  an  increase 
in  base  pressure  ratio. 

From  the  combined  results  of  the  above 
experiments,  base  bleed  effectiveness  is  seen  to  increase 
with  freestream  Mach  number,  i.e.,  at  higher  Mach 
numbers,  the  peak  base  pressure  occurs  at  lower  I,  and 
the  percentage  increase  in  base  pressure  is  also  higher. 
The  effects  of  the  bleed  jet  exit  area  on  base  pressure 
have  also  been  investigated^’^’®"*.  At  very  low  bleed 
rates,  the  increase  in  base  pressure  with  bleed  is  nearly 
independent  of  the  area  ratio;  however,  at  higher  bleed 
rates,  the  effectiveness  of  base  bleed  was  shown  to  be 
improved  by  larger  jet-to-base  diameter  ratios.  Injection 
with  porous  bases  is  found  to  be  the  most  effective. 

Experiments  using  air,  hydrogen,  helium, 
argon,  and  nitrogen  have  shown  that  base  bleed  is  more 
effective  when  a  bleed  gas  with  lower  molecular  weight 
(relative  to  the  freestream  gas)  is  used*’^.  The  peak 
base  pressure  is  higher,  and  occurs  at  a  lower  value  of  I 
with  a  lighter  bleed  gas.  Significant  increases  in  base 
pressure  have  also  been  observed  using  a  heated  bleed 
gas*^.  At  low  injection  rates,  the  base  pressure  rise  is 
nearly  proportional  to  the  enthalpy  of  the  bleed  gas. 
The  peak  base  pressure  is  higher,  and  occurs  at  a  lower 
value  of  1,  than  the  corresponding  cold  bleed  case.  Base 
burning  with  hydrogen  results  in  even  higher  base 
pressures  than  the  hot  bleed  case^.  Base  bleed  with 
fuel-rich  solid  combustion*  *  has  been  shown  to  be  even 
more  effective.  The  advantage  of  combustion  and 
burning  over  hot  gas  injection  is  suspected  to  be  due  to 
the  different  mechanisms  and  locations  of  enthalpy 
relea.se  in  the  wake,  investigation  of  the  combined 
effects  of  boattailing  and  base  bleed* ^  showed  that 
although  the  two  effects  were  additive,  there  was  a  very 
weak  dependence  of  optimum  boattail  angle  on  bleed 
rate,  and  of  optimum  bleed  rate  on  boattail  angle. 

While  the  effectiveness  of  base  bleed  as  a  drag 
reducing  technique  is  well  known,  the  details  of  the 
fluid  dynamic  interactions  caused  by  base  bleed  are  not 
clearly  understood.  Most  of  the  above  experimental 
investigauons  were  carried  out  prior  to  the  development 
of  reliable  non-inuasive  diagnostic  methods,  and  their 
scope  was  primarily  limited  to  determining  the  global 
influence  of  various  base  bleed  parameters  on  base 
pressure.  Some  results  from  earlier  studies  are  also 
unreliable  due  to  possible  interference  arising  from 
model  support  effects^’®  or  nozzle  flow  nonuniformity 
effects.  In  addition,  the  results  of  some  of  the  previous 
investigations  of  base  bleed  have  been  confounded  by 


the  added  influences  of  boattailing,  hot  gas  injection, 
and/or  base  buming/combustion.  A  clear  understanding 
of  die  base  bleed  jdienomenon  is  hampered  by  a  lade  of 
detailed  flowfidd  data. 

Analytical  models  based  on  an  empirical 
component-type  approach*^  provide  some  insight  into 
the  physical  processes  that  might  be  associated  with 
base  bleed.  Although  these  models  can  only  rqnesent 
the  base  bleed  flowfleld  in  a  time-mean  sense,  and  can 
not  account  fw  its  instantaneous  turbulent  nature,  they 
have  been  fairly  successful  in  predicting  die  qualitative 
effects  ofbase  bleed  on  base  inessure*'*'*^.  Base  bleed 
computations  using  the  Reynolds-averaged  Navier- 
Stokes  equations  carried  out  at  the  Army  Research 
Laboratory**'^  have  also  been  successful  in  predicting 
qualitative  base  pressure  trends  and  in  capturing 
flowfleld  structure  details.  Numerical  techniques  are 
currently  limited  by  turbulence  modeling  issues, 
insufficient  grid  resolution,  and  lack  of  detailed 
experimental  data  for  validation. 

Recent  experimental  efforts  have  provided 
insight  into  the  complex  interactions  prevalent  in  the 
near-wake  flowflelds  of  blunt-based*  and  boattailed^ 
afterbodies;  however,  no  known  detailed  measuronents 
of  the  base  bleed  flowfleld  have  been  made  to  date.  Ibe 
objectives  of  the  present  research  are  to  investigate  the 
effects  of  base  bleed  on  the  near-wake  flowfleld  of  a 
cylindrical  afterbody  in  supersonic  flow,  and  to  identify 
the  dominant  fluid  dynamic  mechanisms  inherent  in  this 
complex  flow  with  the  aid  of  laser-based  optical 
diagnostic  teebruques.  The  measurements  obtained 
provide  a  set  of  benchmark  baseline  data  that  will 
enhance  the  overall  understanding  of  base  flow 
phenomena  and  also  serve  to  validate  modeling  and 
computational  effots  in  this  field. 

EXPERIMENTAL  FACILITIES  AND 
EQUIPMENT 

Figure  2  is  a  schematic  of  the  supersonic, 
blow-down  type  wind  tunnel  at  the  University  of 
Illinois  Gas  Dj^amics  Laboratory  designed  solely  for 
the  study  of  axisynunetric  base  flows.  High  pressure 
air  from  a  tank  farm  enters  the  top  of  the  stagnation 
chamber,  and  passes  through  a  saeen-houeycanb-screen 
flow  conditioning  module.  The  air  is  expanded  to  a 
design  Mach  number  of  2.5  in  the  test  section  using  a 
converging-diverging  nozzle.  The  pressure  and 
temperature  in  the  stagnation  chamber  are  471  ±  3.5 
kPa  and  300  ±  2  K,  respectively.  Two  square  glass  side 
windows  provide  optical  access  to  the  flowfleld.  The  air 
in  the  test  section  exits  through  a  conical  diffuser  and 
exhaust  duct  to  the  atmosphere.  The  afterbody  is 
mounted  at  the  end  of  a  hollow  sting,  which  is 
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supported  at  two  axial  locations  upstream  of  the  nozzle 
to  avoid  support  disturbances  in  the  flowfield.  A 
detailed  desaiption  of  the  wind  nmnel  design  is  provided 
by  Herrin^. 

For  the  purposes  of  the  base  bleed  study, 
several  additions  were  made  to  the  existing  wind  tunneL 
A  stainless  steel  bleed  line  was  designed  and  constructed 
with  2"  diameter  pipe  sections  to  facilitate 
conditioning,  measurement,  and  control  of  the  bleed 
flow.  Since  the  base  pressure  is  significantly  sub- 
atmospheric,  ambient  room  air  at  293  ±  2  K  is  an 
adequate  source  for  the  bleed  air  supply.  The  inlet 
consists  of  a  screen  followed  by  an  elliptically  rounded 
intake  section  to  condition  the  incoming  bleed  flow. 
This  is  followed  by  about  4  feet  of  pipe  to  ensure 
adequate  flow  development  prior  to  the  mass  flow 
meter.  The  Sierra  760  electronic  flow  meter  consists  of 
a  temperature  and  a  velocity  probe  and  woiks  on  the 
hot-wire  principle.  The  linearized  output  is  directly 
proportional  to  the  actual  mass  flow  rate,  and  is 
unaffected  by  pressure  and  temperature  fluctuations  in 
the  supply  air.  The  flowmeter  is  followed  by  a 
butterball  valve  for  coarse  bleed  flow  control  mounted 
in  parallel  with  a  needle  valve  for  fine  control. 

A  schematic  of  the  afterbody  used  in  the  base 
bleed  studies  is  shown  in  Figure  3.  The  63.5  mm 
diameter  cylindrical  afterbody  contains  a  0.4  caliber 
bleed  orifice  which  is  preceded  by  an  elliptically 
contoured  section  based  on  ASME  long-radius  nozzle 
standards  to  ensure  a  uniform  velocity  profile  for  the 
bleed  flow  exiting  the  base.  Ten  0.025”  diameter  static 
pressure  taps  on  the  base  plane  are  used  to  measure  the 
radial  distribution  of  the  base  pressure.  Two  sets  of  five 
taps  each  along  the  sting  side  surface,  located 
diametrically  q)posite  to  each  other,  are  used  to  measure 
the  approach  pressure  distribution  upstream  of  the  base. 
The  t^s  in  each  set  are  staggered  along  the  periphery  to 
prevent  interference  waves  from  the  upstream  taps 
affecting  the  measurements  of  the  taps  downstream. 
Static  pressure  measurements  are  obtained  using  a 
Pressure  Systems  Inc.  DPT  6400-T  Digital  Pressure 
Transmitter  controlled  by  a  desktop  computer  via  serial 
interface.  A  removable  retaining  ring  conflnes  the 
pressure  tubing  near  the  inner  wall  of  the  afterbody  in 
the  region  upstream  of  the  bleed  exit  orifice  to 
minimize  disturbances  in  the  bleed  flow. 

The  two-component  LDV  system  used  for  this 
investigation  uses  the  green  (514.5  nm)  and  blue  (488 
nm)  lines  of  a  5-Watt  Argon-ion  laser.  The  nominal 
blue  and  green  fringe  spacings  are  10.3  and  11.3  pm, 
respectively.  The  measurement  volume  diameter  is  120 
pm.  Upstream  frequency  shifting  (tf  40  MHz  is  used  to 
discriminate  flow  direction  and  reduce  fringe  biasing. 


and  the  beam  pairs  are  oriented  at  ±45°  to  the  mean  flow 
directitm  to  minimize  fringe  blindness.  The  receiving 
optics  collect  light  scattered  by  particles  crossing  the 
measurement  volume  in  20°  off-axis  forward  scatter 
mode  (effective  length  of  measuring  vcdume  =  730  pm). 
The  scattered  light  intensity  is  converted  to  an  analog 
voltage  signal  by  pbotmnultiplier  tubes  and  fed  to  an 
lFA-750  Digital  Burst  Correlator  to  extract  frequency, 
and  hence,  velocity  information.  Huee  sets  of  stqrper 
motors,  encoders,  and  drives  operate  in  a  closed  loop 
with  a  desktop  computer  to  provide  traitslation  of  the 
(^tical  table  in  all  three  directions.  A  TSI  six-jet 
atomizer  containing  50  cp  silicone  dl  provides  seed 
particles  (nominal  diameters  0.8  pm)  to  four  seed  tubes 
through  a  manifold  and  system  of  regulating  valves. 
Three  seed  tubes  for  the  freestream  flow,  arranged  120° 
^Mut  circumferentially,  are  located  just  downstream  of 
tte  flow  conditioning  module.  The  seed  tube  fm  the 
bleed  flow  is  located  in  the  bleed  line,  just  downstream 
of  the  butterball  valve.  A  detailed  description  of  the 
LDV  system,  including  an  error  analysis,  has  bemi 
provided  by  Henin^^.  The  worst  case  rms  error  due  to 
particle  lag  just  downstream  of  separation  has  been 
estimated  at  6%.  This  enw  is  1.7%  one  base  radius 
downstream  of  the  base  plane,  and  continues  to 
diminisb  further  downstream.  The  estimated  worst  case 
uncertainty  is  1.2%  of  Ui  (the  freestream  velocity  just 
prior  to  separation)  in  the  mean  velocity,  and  2.3%  of 
Ui  in  the  rms  velocity  fluctuation  measurements. 

RESULTS  AND  DISCUSSION 
Pressure  Measurements 

Static  pressure  distributions  along  the 
afterbody  and  on  the  base  plane  were  obtained  for  ten 
bleed  rates  tanging  from  I  =  0  to  I »  0.032.  The  axial 
pressure  distribution  of  the  approach  flow  along  the 
afterbody  is  indepoident  of  the  bleed  rate.  The^ptoacfa 
static  pressure  is  also  relatively  constant  in  the 
streamwise  direction  at  P/Pq  =  0.061  ±  0.001, 
yielding  an  isentr(q>ic  Mach  number  of  2.47.  A  slight 
rise  in  pressure  approaching  the  base  comer  is 
consistent  on  both  sets  of  diametrically  opposed 
pressure  t^s,  and  is  most  probably  due  to  a  minor 
nonunifrumity  in  the  nozzle  flow. 

The  radial  distribution  of  base  pressure  ratio  is 
shown  in  Hgure  4  for  all  ten  bleed  flow  rates.  At  any 
given  bleed  rate,  the  base  pressure  ratio  profile  is 
radially  symmetric  across  the  base  annulus,  and  fairly 
independent  of  radial  location,  except  for  a  slight 
increase  near  the  base  comer  in  some  cases.  The  slight 
increase  in  base  pressure  is  probably  due  to  streamline 
curvature  effects  caused  by  the  sh^  change  in  flow 
direction  during  entraiiunent  of  the  low-speed  flow  by 
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the  high-speed  shear  layer  near  the  base  ccxner.  It  is 
also  evident  that  the  base  pressure  ratio  initially 
increases  with  bleed  rate  (solid  symbol  cases),  peaks  at 
around  I  =  0.0148,  and  then  decreases  Tzpidiy  as  the 
bleed  rate  is  increased  further  (open  symbol  cases).  This 
behavior  is  more  clearly  seen  when  the  average  base 
pressure  ratio,  based  on  the  area-weighted  average  of 
each  profile,  is  plotted  as  a  function  of  the  injection 
parameter,  Hgure  S.  Data  from  the  blunt  base  and  the 
five  degree  b^ttailed  afterbody  results  of  Herrin  and 
Dutton  are  also  presented  in  this  plot  The  peak 
average  base  pressure  ratio  of  Pb/Poo  “  0.669  at 

1  =  0.0148  is  18.5%  higher  than  the  average  base 
pressure  ratio  of  the  blunt  based  cylinder  and  5.7% 
higher  than  that  of  the  boattailed  afterbody.  The 
difference  in  the  average  base  pressure  ratio  between  the 
blunt  base^  and  the  I  =  0  no-bleed  case  is  discussed 
later. 

As  seen  in  Figure  6,  the  average  base  pressure 
ratio  peak  at  1  =  0.0148  is  consistent  with  earlier 
experiments^’^’*^.  All  of  these  data  were  obtained  with 
bleed  orifices  of  0.4  caliber.  There  are,  however, 
significant  differences  in  the  magnitudes  of  the  base 
pressure  curves.  In  spite  of  operating  at  nearly  the  same 
Mach  number,  the  base  pressure  ratios  of  Bowman  and 
Clayden^  are  noticeably  lower  than  those  of  the  current 
study.  This  could  be  p^y  due  to  interference  from  the 
struts  that  were  used  to  support  their  model.  On  the 
other  hand,  the  data  of  Reid  and  Hastings^  at  Mach  2 
are  very  similar  to  the  current  data.  The  difference  in 
the  bleed  exit  contours  used  in  the  two  models  could  be 
responsible  for  the  similarity  of  these  data  sets  at 
different  Mach  numbers.  The  model  used  in  the  current 
study  (and  by  Valentine  and  Przirembel^)  employs  a 
contoured  converging  nozzle  while  Reid  and  Hastings* 
orifice  was  preceded  by  a  5®  conical  Mach  2.0  nozzle, 
similar  to  the  one  used  by  Bowman  and  Clayden.  In 
addition,  a  thick  boundary  layer  has  a  base  pressure 
enhancing  effect  similar  to  that  of  base  bleed. 
Differences  in  the  approach  boundary  layer  thicknesses 
of  the  different  experiments  could  therefore  also 
contribute  to  the  discrepancies  discussed  above. 
Although  Valentine  and  Przirembel  attribute  the  second 
peak  in  their  base  pressure  to  the  converging  nozzle 
preceding  their  bleed  orifice,  no  secondary  peak  was 
observed  in  the  current  investigation.  Due  to  the  lower 
Mach  number  used  in  the  present  study,  it  is  possible 
that  the  secondary  peak  could  occur  at  a  bleed  rate  higher 
than  the  range  of  the  flowmeter. 

Fbw  Visualization 

Spark-schlieren  photographs  and 
shadowgraphs,  obtained  with  a  standard  Z-type  two 


mirror  configuration  and  a  1.4  ^s  micropulser  light 
source,  were  used  to  confirm  interference-free  operation 
and  to  obtain  qualitative  information  on  the  effect  of 
base  bleed  on  the  near-wake  flowfield.  Schlieren 
photographs  using  a  horizontal  knife-edge  at  five 
different  bleed  rates  are  shown  in  Figure?.  The 
absence  of  any  strong  interference  waves  emanating 
from  the  nozzle  exit/test  section  junction  confirms 
interference-free  flow  conditions  in  the  test  section  at  aU 
of  these  bleed  flow  rates.  At  zero  bleed,  the  wake  is 
closed  and  a  strong  recompression  shock  system  is 
evident  As  expected,  the  shear  layer  angle  bcccmes 
flatter,  the  base  corner  expansion  weakens,  the  wake 
widens,  and  the  leconqxession  shocks  become  weaker  as 
the  bleed  flow  rate  is  increased  fircun  zero  to  I  =  0.(X)33. 
The  recompression  shock  system  seems  to  weaken 
considerably  near  1  =  0.0131,  when  the  bleed  flow 
presumably  provides  most  the  fluid  required  for  shear 
layer  entrainment  As  the  bleed  rate  is  increased  further 
to  I  =  0.0199,  the  recompression  shock  system 
reappears  slightly  upstream  of  its  earlier  location. 
When  the  bleed  exit  velocity  ^proaches  sonic 
conditions  at  around  I  =  0.0279,  the  Mach  disk 
emanating  from  the  bleed  orifice  interacts  with  the 
oblique  recompression  shocks  from  the  outer  flow  and 
forms  a  fairly  complex  shock  system.  This  shock 
system  also  ^)pears  to  be  highly  unsteady,  as  indicated 
by  imaging  the  flowfield  on  a  screen  and  by  visual 
inspection  of  a  series  of  photographs  at  this  bleed  rate. 
Hie  horizontal  knife-edge  makes  it  difficult  to  discern 
the  vertical  Mach  disk  in  the  schlieren  photographs; 
however,  it  is  cleariy  visible  in  shadowgr^hs  taken  at 
the  high  bleed  rate.  The  axisymmetric  nature  of  the 
flow  also  causes  smearing  of  the  flow  features  due  to 
line-of-sight  integration  effects. 

LDV  Measurements 

A  parametric  study  of  the  mean  axial  velocity 
and  turbulence  quantities  along  the  centerline  has  been 
performed  using  LDV.  The  ^proach  flowfield  and 
boundary  layer,  and  the  flow  ccmditions  at  the  exit  of 
the  bleed  jet  have  also  been  documented  for  the  five 
bleed  cases  studied.  Care  was  taken  to  match  data  rates 
at  the  freestream  and  bleed  flow  nozzle  exits,  in  an  effort 
to  minimize  particle  concentration  bias  errors.  Post- 
facto  corrections  for  velocity  bias  were  made  using  the 
interarrival  time  weighting  method,  which  has  been 
shown^^  to  be  the  most  reliable  technique  for  high- 
speed  separated  flows. 

The  freestream  approach  flow  was  found  to  be 
uniform  and  independent  of  the  bleed  rate.  The  mean 
freestream  approach  velocity  (Ui)  was  found  to  be  574 
m/s  with  0.3%  variation  between  the  different  bleed 
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cases.  The  mean  Mach  number  based  on  adiabatic 
expansion  from  the  tunnel  stagnation  temperature  (Tq) 
to  the  freestream  velocity  was  2.4S,  in  close  agreement 
with  the  isentiopic  value  of  2.47  based  on  pressure 
measurements.  The  unit  Reynolds  number  was 
calculated  to  be  45  (10^)  m*^  at  the  nozzle  exit. 
Approach  boundary  layer  mean  velocity  profiles  for  all 
bleed  cases  were  similar,  as  seen  in  Figure  8.  Curve 
fits^^  of  these  profiles  were  used  to  determine  boundary 
layer  parameters  such  as  integral  thicknesses  and  skin 
fiiction  coefficient.  These  results  (mean  values  and 
percentage  variations  over  the  five  bleed  cases)  are 
presented  in  Table  1  below.  The  thicknesses  and  the 
friction  velocity  have  been  normalized  by  the  afterbody 
radius,  Rq,  and  the  freestream  velocity,  Ui, 
respectively.  Rather  large  variations  in  the  computed 
parameters  (between  the  different  bleed  cases)  are  due  to 
the  sensitivity  of  the  curve  fit  to  accurate  y-position 
determination  (limited  to  ±0.1  mm  due  to  hysteresis  of 
the  traverse  table).  The  axial  turbulence  intensity  and 
Reynolds  shear  stress  distributions  in  the  boundary  layer 
collapse  very  well  for  the  different  bleed  rates,  as  seen  in 
Hgures  9  and  10.  As  expected,  the  magnimdes  of  these 
quantities  are  high  in  the  boundary  layer,  dropping 
rapidly  to  low  values  in  the  freestream. 


Table  1.  Approach  Boundary  Laver  Properties 


Boundary  Layer  Thickness,  S/R© 

0.102  ±  1.6% 

Displacement  Thickness,  5*/Ro 

0.0241  ±  6.8% 

Momentum  Thickness,  G/Rq 

O.0O682  ±  6.0% 

Shape  Factor,  H  =  5*/0 

3.5311.1% 

Wake  Strength  Parameter,  n 

0.768  ±  17% 

Skin  Friction  Coefficient 

0.00170  1  4.7% 

Friction  Velocity,  Ux/Ui 

0.0414 1  2.3% 

Radial  traverses  performed  1.5  mm 
downstream  of  the  bleed  exit  plane  show  uniform 
velocity  disuibutions  in  the  bleed  flow,  as  seen  in 
Figure  11.  The  effect  of  the  compliant  boundary 
presented  by  the  bleed  bole  can  be  seen  for  the  bleed-off 
case.  There  is  a  mean  inflow  into  the  base  along  the 
centerline,  and  a  mean  outflow  along  the  periphery  of 
the  bleed  orifice.  Bimodal  velocity  histograms  were 
observed  at  all  radial  locations  fm  the  no-bleed  case, 
indicating  large  scale  Uirbulence  interaction  between  the 
recirculation  region  and  the  long  passive  cavity 
presented  by  the  bleed  bole  and  the  hollow  sting.  The 
5%  difference  in  the  average  base  pressure  ratio  between 


die  blunt  base^  and  the  I  s  0  case  (Bgure  5)  could  be 
due  to  this  ccmqiliant  boundary  effect 

The  effect  of  base  bleed  tm  the  mean  axial 
velocity  distribution  along  the  centerline  can  be  seen  in 
Hgure  12.  In  all  cases,  the  measured  radial  velocity 
component  was  less  than  2%  of  Ui,  and  the  Reynolds 
shear  stresses  were  nearly  zero,  confirming  that  the 
LDV  measurement  volume  was  located  at  the  centerline 
the  floMdield.  For  the  no-bleed  case,  the  peak  reverse 
velocity  (30%  of  the  fieestream  value)  and  the  rear 
stagnation  point  occur  1.5  and  2.8  base  radii 
downstream  of  the  base,  respectively.  These  results  are 
nearly  identical  to  measurements,  done  with  a  blunt 
base^.  At  the  base  plane  (xsQ),  however,  the 
mctr^lated  axial  velocity  is  non-zero  and  negative,  due 
to  the  ctmipliant  boundary  tffect  discussed  above.  As 
the  bleed  rate  is  increased,  the  bleed  jet  exit  velocity 
increases,  causing  a  downstream  shift  of  the  forward 
stagnaticm  point  where  the  bleed  flow  and  reverse  flow 
meet  This  has  the  effect  of  diminishing  the  size  of  the 
recirculation  region  since  the  rear  stagnation  point 
location  is  relatively  constant  at  x/Ro  -  3.2  (note  that 
this  position  for  the  Meed-on  cases  is  shifted  relative  to 
the  bleed-off  case).  The  peak  reverse  velocity  location 
occurs  progressively  downstream,  and  its  magnitude 
decreases  with  increasing  bleed.  At  I »  0.0148,  the 
qrtimum  bleed  rate  from  a  base  pressure  viewpoint  the 
recirculation  region  along  the  centerline  almost 
disappears.  No  reverse  velocity  is  detected  along  the 
centerline  for  the  I  =  0.0226  case,  indicating 
penetration  of  the  bleed  jet  into  the  reattachment  zone. 
The  velocity  profiles  for  the  bleed-on  cases  become 
similar  for  x/Rq  >  3,  the  wake  redevelopment  region. 

Figures  13  and  14  present  the  axial  and  radial 
turbulence  intensity  distributions  along  the  centerline. 
For  each  bleed  case  (excqrt  I  =  0.0226),  two  peaks  are 
observed  in  the  distribution  of  turbulence  intensity. 
The  first  peak  occurs  at  the  forward  stagnation  point 
location  due  to  the  change  in  flow  direction  frtnn  axial 
to  radial  when  the  bleed  flow  meets  the  reverse  flow  in 
the  recirculation  region.  The  magnitude  of  this  peak  is 
seen  to  decrease  with  increasing  bleed  rate  due  to  the 
smaller  influence  of  the  diminishing  recirculation 
region.  The  second  peak  occurs  at  the  rear  stagnation 
location  due  to  reattachment  phenomena.  The  influence 
of  the  flow  mechanisms  occurring  at  both  stagnation 
point  locations  is  much  stronger  in  the  axial  direction. 
Consequently,  the  peaks  in  the  radial  turbulence 
intensity  distributions  are  not  as  pronounced  as  the  axial 
intensity  peaks.  At  the  higher  bleed  rates,  the  bleed 
flow  penetrates  further  into  the  wake,  accounting  for  the 
low  overall  turbulence  intensity  levels  seen  in 
Hgures  13  and  14  for  these  cases.  Anisotropy  of  the 
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turbulent  normal  stress  along  the  centerline  is  also 
evident  from  the  differences  in  the  axial  and  radial 
turbulence  intensity  profiles.  Figure  15  shows  the 
centerline  distribution  of  turbulent  kinetic  energy, 
calculated  using 

k  =  0.5(au^  +  20vr^)/Ui^  (1) 

The  occurrence  of  the  peak  energy  magnitudes  at  the 
stagnation  point  locations,  and  the  decreasing  energy 
levels  with  increasing  bleed  rate  are  similar  to  those 
discussed  for  the  turbulence  intensity  distributions. 

SUMMARY  AND  CONCLUSIONS 
An  experimental  investigation  has  been 
conducted  to  soidy  the  effects  of  base  bleed  on  die  near¬ 
wake  flowfield  of  a  cylindrical  afterbody  in  supersonic 
flow.  Data  have  been  obtained  using  static  pressure 
measurements,  schlieren  and  shadowgrs^h  photography, 
and  LDV  traverses  along  the  centerline.  Results 
indicate  relatively  unifcxm  radial  pressure  profiles  across 
the  base  plane.  With  increasing  bleed  flowrate,  the 
average  base  pressure  is  found  to  increase  initially, 
attain  a  peak  value,  and  then  decrease  with  further 
increase  in  1.-  The  ^proach  flowfield  upstream  of 
separation  is  unaffected  by  the  bleed  rate.  An  increase 
in  the  bleed  rate  is  accompanied  by  the  diminishing  size 
and  intensity  of  the  recirculation  region  (due  to  the 
downstream  displacement  of  the  forward  stagnation 
point),  and  a  decrease  in  the  peak  axial  and  radial 
turbulence  intensities  at  the  forward  stagnation  point. 
Near  the  optimum  bleed  rate  of  I  =  0.0148,  the  base 
pressure  is  maximized,  and  the  flowfield  is  characterized 
by  the  widening  of  the  wake,  flattening  of  the  shear 
layer  angle,  and  the  near  disappearance  of  reverse 
velocity  along  the  centerline. 
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Figure  2.  Axisymmetric  Wind  Tunnel  and  Base  Bleed  Facility 
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Figure  3.  Location  of  Static  Pressure  Tq>s  on  Base  Bleed 
Afterbody 


Figure  4.  Effect  of  Base  Bleed  on  Base  Pressure 
Distribution 
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Hguie  6.  Camparison  of  Base  Bleed  Results  with  Other 
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Figure  7.  Scblieren  Photographs  of  the  Base  Howfield 
at  Different  Bleed  Flow  Rates:  (a)  I  =  0;  (b)  I  =  0.0033; 
(c)  I  =  0.0131;  (d)  1  =  0.0199;  (e)  I  =  0.0279 
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Rgure  8.  Approach  Boundary  Layer  Mean  Velocity 
ProfUes  (x/Ro  =  -0.157) 
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Figure  9.  Streamwise  Turbulence  Intensity  Distributions 
in  Approach  Boundary  Layer 
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Figure  11.  Mean  Axial  Velocity  Distributions  at 
Bleed  Orifice  Exit 
(x/Rjg{  —  0.1 18f  s  0.4) 
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Figure  12.  Mean  Axial  Velocities  Along  the  Centerline 


Bgure  13.  Axial  Turbulence  Intensities  Along  the 
Centerline 
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Hgure  14.  Radial  Turbulence  Intensities  Along  the 
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Hgure  15.  Turbulent  Kinetic  Energy  Distributions 
Along  the  Centerline 
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ABSTRACT 

Recent  woric  in  the  area  of  high-speed  separated 
flows  is  reviewed  with  particular  emphasis  on  problems 
related  to  missile  and  projectile  tdterbody  and  base 
flows.  A  brief  summary  is  first  given  of  the  current 
state-of-the-art  in  base  flow  numerical  predictions  and 
previous  experimental  studies.  This  is  followed  by 
discussions  of  our  recent  experimental  work  in  this  area. 
The  particular  experiments  described  are:  detailed  mean 
velocity  and  turbulence  measurements  for  a  cylindrical 
afterbody  in  Mach  2.5  flow,  a  similar  study  for  a  five 
degree  boattailed  afterbody  that  explains  the  associated 
drag  reduction  effects,  initial  pressure  and  velocity 
measurements  quantifying  the  effects  of  base  bleed  in 
supersonic  base  flow,  a  particle  image  velocimetry 
study  that  has  delineated  the  mechanisms  of  base  drag 
reduction  for  a  planar  bluff  body  with  a  base  cavity  in 
subsonic  flow,  and  Mie  scattering  visualizations  of 
large-scale  turbulent  structures  in  the  shear  layers  and 
trailing  wake  of  a  two-dimensional,  supersonic  base 
flow. 

INTRODUCTION 

Motivation  and  Problem  Description 

The  study  of  separated  flows  is  an  important 
basic  fluid  dynamics  research  area  since  the  occurrence 
and  behavior  of  separated  flow  regions  are  generally 
poorly  understood  and  difficult  to  predict.  In  addition, 
the  investigation  of  high-speed  separated  flows  is  of 
relevance  in  a  number  of  important  application  areas 
such  as  projectile  and  missile  afterbody  and  base  flows. 
This  area  is  the  primary  motivation  for  the  work 
described  herein.  Understanding  of  the  fluid  dynamic 
mechanisms  that  occur  in  high-speed  base  flows  is 
critically  important  to  the  performance  of  projectile  and 
missile  systems  from  a  number  of  standpoints.  In 
particular,  these  near-wake  flowffeld  interactions 
determine  the  base  drag  which  is  a  major  component  of 
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the  total  drag,  especially  at  transonic  and  supersonic 
flight  conditions  (Rollstin,  1987),  and  is  the  most 
difficult  component  to  predict  (Sahu,  1994).  The  fluid 
dynamic,  chemical  composition,  and  thermodynamic 
conditions  in  the  separated  flow  region  of  a  powered 
missile  also  detomine  the  occurrence  of  base  burning 
(Strahle  et  al.,  1982)  which,  on  the  one  hand,  can 
dramatically  reduce  base  drag,  but  on  the  other,  can 
result  in  loss  of  vehicle  stability  and  unwanted  aftobody 
and  base  heating.  In  addition,  the  near-wake  flow 
structure  is  of  critical  importance  in  establishing  the 
power-on  missile  plume  signature  (Dash  et  al.,  1980) 
through  the  pressure,  temperature,  and  chemical  species 
variations  resulting  from  the  near-ffeld  shock  and 
expansion  wave  flow  structure. 

Figure  1  presents  a  schematic  diagram  of  the 
mean  flow  in  the  base  region  of  a  projectile  or 
unpowered  missile  with  a  conical  boattail  in  the 
supersonic  flight  regime.  In  this  case  the  supersonic 
fr^stream  flow  and  its  associated  boundary  layer  are 
first  expanded  at  the  body/boattail  juncture  and  then 
approach  the  base  comer  where  they  separate 
geometrically  through  a  centered  expansion  to  form  a 
free  shear  layer  with  an  enclosed  recirculating  region. 
The  shear  layer  is  recompressed  through  an  oblique 
shock  system  as  it  is  constrained  to  tom  along  the  axis 
of  symmetry  (for  the  zero  angle-of-attack  case  sketcherQ 
near  the  rear  stagnation  point  with  redevelopment  of  the 
trailing  wake  occurring  downstream.  There  are  a 
numbo'  of  phenomena  present  in  this  flow  that  make  its 
prediction  difficult  One  complicating  factor  is  that  the 
shear  lay»  for  supersonic  flight  conditions  exists  undo' 
highly  compressible  conditions,  i.e.  at  a  high 
convective  Mach  number.  Recent  worir  for  constant 
pressure  two-stream  mixing  layers  (Goebel  and  Dutton, 
1991;  Clemens  and  Mungal,  1992)  has  shown  the 
turbulence  stmcture  to  be  substantially  altered  under 
compressible  conditions  as  compared  to  the 
incompressible  case.  In  addition,  only  the  initial  part  of 
the  base  region  shear  layer  is  at  approximately  constant 
pressure  before  encountering  an  adverse  pressure  gradient 
near  the  reattachment  point  Further,  the  centered 
expansions  that  occur  at  the  body/boattail  juncture  and 
at  the  base  comer  influence  the  initial  turbulence 
stmcture  of  the  shear  layer  and,  hence,  its  downstream 
development  Other  complicating  factors  include 
streamline  curvature  that  occurs  near  shear  layer 
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reattachment  and  existence  of  the  enclosed  recirculating 
region  which  imposes  a  highly  energetic  and 
nonuniform  reverse  velocity  at  the  inner  edge  of  the 
shear  layer. 

In  the  following  sections  we  present  brief 
reviews  of  previous  numerical  and  experimental  research 
in  the  area  of  high-speed  separated  base  flows, 
concentrating  on  recent  work  for  the  supersonic  flight 
regime.  This  material  will  provide  context  for  the 
results  presented  later  in  the  p^r. 

Numerical  Predictions 

Historically,  the  first  predictive  techniques 
developed  for  base  flows  were  the  Chapman-Korst 
component  method  (Chapman,  1950;  Korst,  1956)  and 
the  viscid-inviscid  integ^  interaction  technique  first 
presented  by  Crocco  and  Lees  (1952).  Several  good 
reviews  of  these  early  base  flow  modeling  methods  have 
been  presented,  most  recently  by  Delery  and  Lacau 
(1987).  The  component  and  integral  interaction 
techniques  are  still  useful  today  for  preliminary  design 
and  parametric  studies  (Reijasse  et  al.,  1989).  However, 
solution  of  the  full,  Reynolds-averaged  Navier-Stokes 
equations  using  currently  available  numerical  methods 
offers  the  ability  to  more  realistically  predict  the  details 
of  the  base  flowfleld  structure,  i.e.  to  remove  many  of 
the  assumptions  inherent  in  the  component  and  integral 
techniques.  In  addition,  the  extension  from  simple  two- 
dimensional  and  axisymmetric  geometries  to  more 
complex  three-dimensional  geometries,  including  non¬ 
circular  body  shtq)es,  afterbodies  having  fiiis  and/or  base 
cavities,  and  effects  of  angle-of-attack,  can  only  be 
analyzed  accurately  using  numerical  techniques.  In  order 
to  avoid  the  difficulties  inherent  in  turbulence  modeling 
for  the  Reynolds-averaged  Navier-Stokes  (RANS) 
approach,  the  large  eddy  simulation  (LES)  or  direct 
numerical  simulation  (DNS)  techniques  will  eventually 
be  applied  to  high-speed  base  flows.  However,  because 
of  the  complexity  of  these  compressible  separated 
flows,  with  their  large  Reynolds  numbers,  the 
associated  wide  range  of  turbulent  scales,  and  resulting 
large  computational  requirements,  eflbrts  along  these 
lines  have  only  recently  begun  (Tourbier  and  Easel, 
1994).  Also,  these  LES/DNS  studies  are  currently 
directed  at  understanding  the  stability  characteristics  and 
large-scale  turbulent  structure  of  the  near-wake,  rather 
than  at  an  engineering  prediction  of  the  flow.  As  a 
result,  the  RANS  ^proach  with  q}propriate  turbulence 
modeling  is  the  method  of  choice  in  the  near  future  for 
analysis  and  design  of  practical  missile  and  projectile 
systems. 

Numerical  simulations  of  this  type  have  been 
conducted  for  high-speed  separated  base  flows  since  the 


late  1970s.  In  1985  Putnam  and  Bissinger  published 
the  results  of  an  assessment  conducted  by  AGARD 
Working  Group  08  concerning  the  state-of-the-art  for 
predicting  the  flow  over  nozzle  afterbodies.  They 
concluded  that,  as  of  mid-1984,  Navier-Stokes  methods 
were  accurate  for  predicting  afterbody  pressure 
distributions  only  up  to  the  point  of  separation.  They 
also  strongly  recommended  that  the  assessment  criteria 
for  numerical  predictions  should  be  based  on  agreement 
with  surface  pressure  distributions  and  flowfleld 
characteristics  and  not  simply  on  the  overall  afterbody 
drag.  At  about  the  same  time,  Petrie  and  Walker  (1985) 
tested  the  true  predictive  capability  of  Navier-Stokes 
codes  by  soliciting  numerical  solutions  from  a  number 
of  groups  for  a  power-on  base  flow  geometry  for  which 
detailed  experimental  data  had  already  been  obtained. 
The  experimental  data  were  not  provided  to  the 
contributing  parties  prior  to  the  computations.  While 
the  simulations  were  able  to  qualitatively  capture  some 
of  the  most  basic  features  of  the  flow,  several 
fundamental  parameters  such  as  the  base  pressure 
magnitude  and  radial  variation,  recirculation  region  size, 
and  Mach  disk  location  and  size  were  not  accurately 
predicted,  with  large  variations  in  the  predictions  of 
these  quantities  among  the  various  simulations.  Petrie 
and  Walker  also  pointed  out  inconsistencies  among  the 
predictions  for  the  various  turbulence  models  used,  as 
well  as  the  occurrence  of  grid-dependent  solutions. 

Since  the  time  that  this  comparison  was 
performed,  several  groups  have  obtained  numerical 
results  in  better  agreement  with  the  experimental  data 
reported  by  Petrie  and  Walker.  Factors  affecting  the 
accurate  Navier-Stokes  simulation  of  these  flows  were 
identified  as  solution-adapted  grid  alignment  in  the  high- 
gradient  shear  layer  regions  and  improved  turbulence 
modeling,  including  the  effects  of  compressibility  and 
streamline  curvature  (Benay  et  al.,  1987;  Childs  and 
Caruso,  1987,  1989;  Caruso  and  Childs,  1988;  Peace, 
1991).  Childs  and  Caruso  (1987)  also  suggested  that 
comparison  of  simply  the  base  pressure  between 
computation  and  experiment,  without  any 
complementary  flowfleld  data,  can  lead  to  false 
conclusions  regarding  the  accuracy  of  the  numerical 
solutions,  due  to  cancellation  of  errors  caused  by 
inaccurate  turbulence  modeling  and  insufflcient  grid 
resolution.  With  the  availability  of  improved 
computational  hardware  in  recent  years,  the  problem  of 
inadequate  grid  resolution  has  been  successfully 
addressed,  at  least  for  the  two-dimensional  planar  or 
axisymmetric  base  flow  geometries.  For  example, 
Childs  and  Caruso  (1989)  and  Tucker  and  Shyy  (1^3) 
both  obtained  grid-independent  solutions  for  supersonic 
freestream  flow  over  axisymmetric  afterbodies. 
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Unsurprisingly,  then,  the  difficult  problem  of 
turbulence  modeling  is  the  most  critical  outstanding 
issue  in  the  accurate  RANS  prediction  of  these  complex 
separated  flows.  Several  recent  studies  have  been 
directed  at  this  issue  and  have  used  for  comparison 
purposes  our  experimental  measurements  (described 
below)  for  Mach  2.5  flow  over  a  cylindrical  afterbody. 
Sahu  (1994)  employed  two  algebraic  turbulence  models 
(Baldwin-Lomax  and  Chow)  and  Chien’s  low  Reynolds 
number  k-e  model  to  compute  this  case.  Tucker  and 
Shyy  (1993)  reported  results  using  several  variations  of 
two-equation  k-e  type  turbulence  models,  including  the 
origind  Jones-Launder  formulation  and  extensions  to 
aUow  improved  response  to  the  mean  suain  rate  as  well 
as  corrections  to  account  for  compressibility.  Chuang 
and  Chieng  (1994)  recently  published  a  study  in  which 
three  higher-order  models  were  investigated:  Chien's 
two-equation  k-e  model,  a  two-layer  algebraic  stress 
model,  and  Shima's  Reynolds  stress  model.  All  of 
these  studies  showed  improved  agreement  with  the 
experimental  measurements  for  the  more  sophisticated 
turbulence  models  used  in  each  case.  In  some  instances, 
predictions  in  relatively  good  agreement  with  the 
measured  base  pressure  distribution  and  some  aspects  of 
the  near-wake  mean  velocity  field  were  obtained.  For 
example,  both  Sahu's  k-e  computation  and  Chuang  and 
Chieng's  Reynolds  stress  prediction  of  the  base  {sessure 
agreed  reasonably  well  with  experiment.  However, 
other  characteristics  of  the  mean  velocity  and  turbulence 
fields  were  poorly  predicted.  Indeed,  both  Tucker  and 
Shyy  (1993)  and  Chuang  and  Chieng  (19W)  found  that 
ail  of  the  turbulence  models  employed  failed  to  correcdy 
predict  the  shear  layer  spreading  rate,  which  is  a 
fundamental  characteristic  of  the  near-wake  flow. 
Interestingly,  all  three  of  these  studies  utilized  a 
"standard"  k-e  model  and  obtained  substantially  different 
predictions  of  the  base  pressure  distribution.  This 
suggests  that  these  RANS  base  flow  computations  ate 
also  dependent  on  other  factors  in  the  numerical 
implementation,  possibly  including  grid  resolution, 
accuracy  of  the  numerical  solver,  and  treatment  of 
boundary  conditions. 

Experimental  Studies 

A  large  number  of  experimental  investigations 
of  high-speed  separated  base  flows  have  been  conducted 
since  the  early  1950s.  A  variety  of  flow  geometries  and 
conditions  have  been  considered,  with  early  woric  in  this 
area  primarily  concentrated  on  surface  pressure 
measurements  and  flow  visualization  studies  in  order  to 
quantify  the  base  drag  or  to  provide  empirical 
information  needed  for  component  or  integral  modeling 
of  the  near-wake  region  (e.g..  Fuller  and  Reid,  1956; 


Reid  and  Hastings,  1959a;  Lilienthal  et  al.,  1970). 
Model  support  interference  was  an  issue  in  many  of 
these  early  studies.  Also,  as  described  above, 
acquisition  of  accurate  mean  and  turbulent  flowfield 
measurements  is  widely  recognized  to  be  of  crucial 
importance  for  improving  understanding  of  the  physics 
of  these  complex  high-speed  separated  flows  and  for 
providing  validation  data  for  development  of  improved 
Navier-Stokes  computational  models  of  these  flows. 

The  initial  flowfield  data  reported  for  high¬ 
speed  base  flows  were  mean  velocity  measurements 
obtained  with  pitot  probes.  However,  the  reliability  of 
these  data  must  be  questioned  due  to  the  disturbances 
that  the  probes  introduced  into  the  flow.  In  addition, 
pitot  probes  are  incapable  of  providing  turbulence 
information  which  is  critically  important  for  better 
understanding  the  fluid  dynamic  mechanisms  in  the 
near-wake  region  and  for  providing  a  sensitive  test  of  a 
numoical  technique's  predictive  capabilities.  Perhaps 
the  most  comprehensive  previous  probe-based  study  of  a 
supersonic  base  flow  problem  was  undertaken  by 
Gaviglio  et  al.  (1977)  with  a  hot-wire  anemometer. 
The  authors,  however,  avoided  the  recirculation  region 
immediately  behind  the  base  due  to  probe  interfoence 
effects.  Measurements  were  obtained  in  the  approach 
flow,  shear  layers,  and  developing  wake  and  provide  a 
relatively  detailed  description  of  the  mean  velocity  and 
turbulence  characteristics  in  these  regions. 

Laser  Doppler  velocimetry  (LDV)  is  a  non- 
intrusive  experimental  technique  that  is  well  suited  for 
the  study  of  high-speed  separated  base  flows  due  to  its 
ability  to  measure  the  reversed  velocities  and  high 
turbulence  intensities  characteristic  of  these  flowfields. 
However,  few  non-intrusive  flowfield  measurements 
have  been  obtained  previously  for  high-speed  base 
flows.  An  exception  is  the  two-component  LDV 
measurements  reported  by  Petrie  and  Walker  (1985)  for 
an  axisymmetric  afterbody  in  transonic  flow  with  a 
supersonic  central  jet.  The  authors  noted  several 
problems  with  the  LDV  measurements,  particularly 
particle  lag  effects  in  the  high  acceleration  regions  of 
the  flow.  We  are  also  aware  that  Bemer  (1993)  has 
recently  made  LDV  measurements  for  cylindrical  and 
boattailed  afterbodies  in  Mach  2  flow,  tdthough  these 
measurements  have  not  been  extensively  presented  in 
the  literature  to  date. 

As  evidence  of  the  lack  of  high  quality 
experimental  data  for  high-speed  base  flows,  the  recent 
comprehensive  survey  by  Delery  and  Wagner  (1990) 
was  able  to  identify  only  six  previous  experiments  that 
made  flowfield  measurements  (using  midti-component 
LDV)  of  sufficient  accuracy  and  spatial  resolution  to  be 
useful  for  comparison  to  modem  Navier-Stokes 
computations,  and  all  of  these  are  in  the  subsonic  flight 
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regime.  Thus,  as  of  1990,  there  were  no  known  well 
documented  flowfield  measurements  available  in  the 
open  literature  for  the  important  transonic  and 
supersonic  flight  cases  for  any  base  geometry.  As  will 
be  discussed  in  the  following  sections,  our  current  and 
future  work  is  directed,  in  part,  at  obtaining  just  such 
accurate,  spatially  well-resolved,  statistical  velocity 
information.  In  addition,  we  are  developing  and 
applying  planar  techniques,  both  for  qualitative 
visualization  and  quantitative  measurements,  in  these 
high-speed  separated  flows.  The  purpose  of  these  planar 
measurements  is  to  better  understand  the  time-resolved 
structure  of  turbulent  base  flows  as  a  complement  to  the 
time-averaged,  pointwise  velocity  data.  We  are  unaware 
of  any  other  previous  studies  of  the  instantaneous 
turbulence  structure  in  high-speed  base  flows. 

STATISTICAL  STUDIES  OF  SUPERSONIC, 
AXISYMMETRIC  BASE  FLOWS 

In  order  to  document  in  detail  the  flow 
mechanisms  occurring  in  the  near-wake  regions  of 
supersonic  base  flows,  we  have  obtained  pressure 
measurements,  flow  visualizations,  and  extensive 
velocity  measurements  for  several  cases  of  interest  The 
experiments  described  here  include  three  axisymmetric 
geometries:  a  cylindrical  afterbody,  a  boattailed 
afterbody,  and  a  cylindrical  afterbody  with  base  bleed. 
Results  from  these  studies  are  described  below. 

Cylindrical  Afterbody 

The  simplest  axisymmetric  base  geometry  that 
retains  all  of  the  primary  features  of  a  typical  missile  or 
projectile  flowfield  is  the  blunt  base,  circular  cylinder 
afterbody  without  a  propulsive  jet  or  control  fins.  The 
mean  flowfield  near  this  type  of  afterbody  is  similar  to 
that  sketched  in  Fig.  1,  but  without  the  boattail.  In 
general,  the  boundary  layer  approaching  the  base  comer 
is  fully  turbulent  and  relatively  thin  compared  to  the 
afterbody  radius.  As  the  flow  separates  from  the  base 
comer,  a  low  pressure  recirculation  region  behind  the 
base  is  formed  which  is  the  source  of  base  drag.  Of 
special  note  in  Fig.  1  are  the  solid  wall  boundary 
conditions  along  the  afterbody  surface,  both  near  the 
base  comer  and  along  the  base  surface.  Nearly  all  base 
drag  reduction  schemes  attempt  to  manipulate  these 
boundary  conditions  such  that  the  pressure  in  the  large 
separated  region  downstream  of  the  base  is  increased. 
Hence,  a  thorough  understanding  of  the  flow  physics  in 
the  base  region  of  a  solid-walled,  cylindrical  afterbody  is 
necessary  so  that  the  effects  of  added  complicating 
features  (e.g.,  base  bleed)  can  be  ascertained  and  the 
benefits  of  current  base  drag  reduction  methods  can  be 
understood. 


Recently,  experiments  to  investigate  the 
flowfield  near  a  cylindrical  afterbody  in  a  uniform  Mach 
2,5  flow  have  been  completed  (Herrin  and  Dutton, 
1994a).  The  experiments  were  carried  out  using  the 
Axisymmetric  Base  How  Facility  in  the  Gas  Dynamics 
Laboratory.  This  facility,  including  the  hardware 
required  for  base  bleed  experiments,  is  sketched  in  Fig. 
2.  The  facility  has  been  specifically  designed  to  avoid 
the  model  support  interference  effects  that  have  plagued 
earlier  studies.  In  particular,  the  cylindrical  sting  which 
supports  the  base  models  is  carefully  centered  in  the 
annular  converging-diverging  nozzle  and  is  supported  at 
only  two  locations  upstream  of  the  nozzle  throat. 
Details  of  the  wind  tunnel  design  and  operational 
features  have  been  presented  elsewhere  (Herrin,  1993). 
Conventional  flow  visualization,  static  pressure 
measurements,  and  laser  Doppler  velocimetry  (LDV) 
data  have  been  obtained  on  and  near  the  afterbody 
surface.  The  non-intrusive  nature  of  the  current 
instrumentation  systems  is  essential  in  base  flow 
studies  as  probe  interference  effects  in  the  sensitive  near¬ 
wake  region  have  been  shown  to  be  potentially 
significant  (Hawkins  and  Trevett,  1966). 

The  pressure  distribution  along  the  base  surface 
of  the  cylindrical  afterbody  is  shown  in  Fig.  3.  As  may 
be  expected,  the  profile  shows  an  essentially  constant 
pressure  acting  over  the  entire  base  surface  with  only  a 
slight  increase  in  pressure  near  the  outer  edge  of  the 
base.  Integrating  the  pressure  profile  shown  jn  Fig.  3 
yields  an  average  base  pressure  coefficient  of  Cpbase  = 
-0.102  and,  consequently,  a  net  base  drag  coefficient  of 
Conet  =  0.102.  These  values  will  be  used  as  a  datum 
to  show  the  global  benefits  of  various  drag  reduction 
methods  later  in  this  paper.  Although  obtaining  the 
base  pressure  distribution  was  a  relatively  simple  task 
in  practice,  it  has  been  very  useful  as  a  validation 
criterion  for  computational  base  flow  predictions 
(Tucker  and  Shyy,  1993;  Sahu,  1994;  Chuang  and 
Chieng,  1994). 

As  indicated  in  Fig.  1  and  discussed  earlier,  the 
mean  flowfield  downstream  of  a  cylindrical  afterbody  in 
supersonic  flow  contains  many  fluid  dynamic  features 
(or  "components”)  that  interact  to  form  the  base  flow 
"solution."  A  compressible  shear  layer,  formed  by  the 
geometric  separation  of  the  afterbody  boundary  layer, 
separates  the  outer  inviscid  flow  from  the  recirculation 
region  behind  the  base.  Mass,  momentum,  and  energy 
are  exchanged  through  the  shear  layer  as  it  drives  the 
recirculation  region  downstream  of  the  body.  Any 
change  in  the  physical  characteristics  of  the  shear  layer 
will  also  affect  the  flow  in  the  base  region  and, 
therefore,  the  base  pressure.  The  development  of  the 
shear  layer  downstream  of  the  cylindrical  ^terbody  can 
be  seen  in  the  mean  axial  velocity  contours  shown  in 
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Fig.  4.  The  majority  of  the  shear  layer  growth  occurs 
at  the  inner  edge  (shown  by  diverging  contour  lines)  as 
large  eddies  entrain  low  speed  fluid  flom  the 
recirculation  region.  Approximately  two  base  radii 
downstream,  the  shear  layer  enters  the  recompression 
and  realignment  region  and  eventually  reattaches  along 
the  centerline  of  the  wake  at  x/R  s  2.65.  This 
reattachment  point  (or  rear  stagnation  point)  separates 
the  downstream  wake  flow  from  the  fluid  that  is 
returned  to  the  base  by  the  adverse  pressure  gradient 
associated  with  shear  layer  realignment.  The 
recirculating  fluid  accelerates  from  the  rear  stagnation 
point  toward  the  base  to  a  peak  reverse  mean  velocity  of 
27%  of  the  velocity  approaching  the  afterbody.  When 
compared  to  previous  base  flow  measurements  (Delery, 
1983;  Merz  et  al.,  1978),  it  appears  that  a  similarity 
relationship  may  exist  for  the  centerline  velocity 
distribution  downstream  of  axisymmetric  bodies.  In 
fact,  some  characteristics  of  ^e  near-wake  mean 
flowfield  change  little  over  a  wide  range  of  Mach 
numbers. 

One  of  the  primary  beneflts  of  utilizing  LDV 
in  the  current  flow  environment  is  the  capability  of 
extracting  turbulence  data  without  introducing  a  probe 
into  the  flow.  By  utilizing  two  separate  orthogonal 
measurement  planes,  each  containing  the  axis  of 
symmetry,  five  of  the  six  kinematic  Reynolds  stress 
components  were  measured  directly.  These  include  the 
three  normal  stresses  (Ou^.  ®v^.  Ow^)  and  two  of  the 
three  shear  stresses  (<u’v'>  and  <u'w'>).  In  genoal,  the 
majority  of  the  turbulence  energy  in  the  near-wake  is 
concentrated  in  the  compressible  shear  layer  from  the 
base  comer  to  the  reattachment  point  An  invesdgadon 
of  the  primary  producdon  term  for  the  turbulent  kinedc 
energy,  <u'v’>3U/9r,  reveals  that  turbulence  producdon 
is  a  maximum  near  the  inside  edge  of  the  shear  layer 
immediately  downstream  of  the  base  comer  and  decays 
rapidly  as  the  shear  layer  develops.  The  transfer  of 
energy  from  the  mean  flow  to  the  turbulence  field  via 
classical  production  mechanisms  occurs  primarily 
through  the  axial  component  of  the  Reynold  normd 
stress.  The  radial  and  tangendal  components  acquire 
energy  via  more  passive  redistribudon  mechanisms  such 
as  pressure-velocity  interacdons  and  turbulent  diffusion. 
Consequendy,  it  is  not  surprising  that  the  relative 
ordering  of  the  Reynolds  normal  stresses  in  the  near¬ 
wake  flowfield  was  found  to  be  >  Oyp-  -  Oyp'. 

Figure  5  shows  the  turbulent  kinedc  energy 
contours  throughout  the  near-wake  of  the  cylindrical 
afterbody.  The  turbulent  kinedc  en^gy  distribudon  is 
similar  to  its  dominant  component,  the  axial  normal 
stress,  0\p-.  As  the  figure  indicates,  the  turbulent 
kinedc  energy  increases  as  the  shear  layer  develops  up 
to  approximately  two  base  radii  downstream  of  the  base 


where  a  local  maximum  occurs.  As  the  shear  layer 
undergoes  recompression  and  realignment,  the 
turbulence  acdvity  is  reduced  and  continues  to  diminish 
into  the  downstream  wake.  Note  also  that  the 
magnitude  of  the  turbulent  kinedc  energy  in  the  shear 
layer  is  signiflcandy  larger  than  in  the  approach 
boundary  layer  indicadng  that  rapid  mixing  and 
entrainment  undoubtedly  occur  along  the  shear  layer 
boundaries. 

As  previously  discussed,  the  energy  exchange 
through  the  highly  turbulent  compressible  shear  layer 
plays  an  important  role  in  the  dynamics  of  the  near¬ 
wake  flowfield.  In  our  recent  study  (Herrin  and  Dutton, 
1994c)  of  the  effects  of  the  rapid  expansion  at  the  base 
comer  on  the  shear  layer  charactoisdcs,  we  found  that 
the  inlet  condidons  to  the  base  comer  separation 
process,  as  well  as  the  strength  of  the  expansion,  are 
extremely  important  in  defining  the  shear  layer 
characterisdcs  throughout  the  near-wake.  As  an 
example.  Fig.  6  shows  the  development  of  the  axial  and 
radial  Reynolds  normal  stress  profiles  near  the  base 
comer.  The  effect  of  the  separadon  process  through  the 
rapid  expansion  is  to  magnify  the  axial  normal  stress 
along  the  inner  edge  of  the  shear  layer  while  attenuating 
the  energy  in  the  outer  pordons  of  the  profile  (Fig.  6a). 
The  bulk  dilatadon  occurring  through  the  expansion  is 
the  primary  turbulence  attenuation  mechanism 
(Dussauge  and  Gaviglio,  1987)  and  dominates  the 
majority  of  the  expanding  boundary  layer.  Near  the 
inner  edge,  however,  the  acdve  entrainment  of  fluid 
firom  the  base  region  by  large-scale  turbulent  stmctures 
causes  a  significant  increase  in  the  axial  normal  stress 
from  the  levels  in  the  approach  boundary  layer. 
Interesdngly,  the  radial  normal  stress  profiles  (Fig.  6b) 
do  not  exhibit  signiflcant  increases  through  the 
separadon  region  (note  the  difference  in  scales  between 
Figs.  6a  and  6b).  This  is  most  likely  a  result  of  the 
longer  dme  scale  associated  with  turbulent  energy 
transport  to  the  two  secondary  normal  stress 
components  (radial  and  tangendal).  The  primary 
Reynolds  shear  stress  (<u'v'>)  profiles  near  separadon 
are  similar  to  those  shown  in  Fig.  6a  for  the  axial 
normal  stress. 

To  further  enhance  understanding  of  the 
separadon  process,  a  condidonal  quadrant  decomposidon 
analysis  (Willmarth  and  Lu,  1972)  was  completed  on 
the  Reynolds  stress  data  near  the  base  comer.  To 
examine  the  organizadon  of  the  turbulence  field,  the 
individual  turbulent  fluctuadons  (u',v')  were  plotted 
against  each  other  in  an  attempt  to  And  a  dominant 
instantaneous  shear  angle.  Figure  7  presents  a 
comparison  of  two  (u’.v*)  scatter  plots,  one  obtained 
immediately  upstream  of  separadon  (Hg.  7a)  and  the 
other  immediately  downstream  of  separadon  (Fig.  7b). 
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These  data  clearly  show  a  signiflcant  increase  in  the 
turbulence  organization  from  the  afterbody  boundary 
layer  to  the  separated  shear  layer  due,  most  likely,  to 
enhancement  of  the  large-scale  structure  in  the  flowfield. 
This  is  consistent  with  the  large  increase  in  the 
streamwise  Reynolds  normal  stress  near  the  inner  edge 
of  the  shear  layer  shown  in  Fig.  6a.  Since  the  turbulent 
structures  are  the  primary  source  of  entrainment  from 
the  recirculation  region,  their  behavior  is  critically 
important  to  the  overall  flow  physics  in  the  base 
region.  It  is  also  apparent  that  by  controlling  these 
structures,  one  can  also  directly  affect  the  base  flowfield 
and,  therefore,  the  base  pressure.  However,  to  date, 
shear  flow  control  techniques  have  not  been  utilized  in 
modem  base  drag  reduction  methods. 

It  is  clear  from  the  preceding  discussion  that 
the  inner  edge  of  the  separated  shear  layer  is  a  region 
containing  large-scale,  organized,  turbulent  motions  that 
entrain  mass  from  the  low-speed  fluid  behind  the  base. 
The  energy  exchange  which  occurs  during  the 
entrainment  process  directly  affects  the  streamwise 
normal  stress  and,  in  a  secondary  manner,  the  transverse 
and  tangential  normal  stresses.  The  relative 
contributions  from  each  component  along  the  shear 
layer  axis  are  important  in  understanding  the  evolving 
state  of  the  shear  layer.  Figure  8  shows  the  peak 
Reynolds  normal  stresses  along  the  shear  layer  axis  up 
to  the  onset  of  the  recompression  region.  As  for  the 
entire  near-wake  flowfield,  the  streamwise  normal  stress 
dominates  the  shear  layer  turbulence  field  throughout  its 
development,  the  contributions  from  the  transverse  and 
tangential  components  being  significantly  smaller  and 
relatively  similar.  From  a  quadrant  analysis  of  the 
Reynolds  stress  data  in  the  developing  shear  layer,  it 
appears  that  the  turbulence  organization  shown 
immediately  downstream  of  separation  in  Fig.  7b, 
persists  further  downstream  and,  consequently,  the 
overall  turbulence  activity  increases  with  downstream 
distance  to  a  global  peak  upstream  of  the  onset  of 
recompression.  Fig.  5. 

Boattailed  Afterbody 

One  of  the  most  common  drag  reduction 
techniques  in  use  on  current  missiles  and  projectiles  is 
afterbody  boattailing.  By  properly  altering  the  afterbody 
surface  to  a  shallow  angle  relative  to  the  cylindrical 
body,  the  net  afterbody  drag  on  the  vehicle  can  be 
reduced.  The  primary  parameters  describing  a  boattailed 
afterbody  are  the  mean  angle,  length,  and  shape  of  the 
boattail.  In  practice,  axisymmetric  boattails  are 
generally  conical  with  an  angle  relative  to  the  approach 
flow  of  3-7  degrees  and  a  boattail  length  of  0.5- 1.5 
caliber.  In  the  experimental  study  presented  in  this 


section  (Herrin  and  Dutton,  1994b),  a  conically 
boattailed,  axisymmetric  afterbody  with  an  angle  of  5 
degrees  and  0.5  caliber  length  was  investigated.  The 
objective  of  the  study  was  to  determine  the  near-wake 
fluid  dynamic  effects  of  afterbody  boattailing  in 
comparison  to  those  downstream  of  the  unboattailed, 
cylindrical  afterbody  just  discussed.  As  in  the 
cylindrical  afterbody  case,  the  primary  diagnostic  tools 
were  static  pressure  measurements  and  two-component 
laser  Doppler  velocimetry.  The  approach  flowfield  to 
the  boattailed  afterbody  was  essentially  identical  to  that 
for  the  cylindrical  afterbody  with  a  mean  rqrptoach  Mach 
number  of  2.46. 

To  quantify  the  net  drag  reduction  from 
afterbody  boattailing  in  the  present  case,  static  pessure 
data  along  the  boattail  and  on  the  base  were  obtained. 
Figure  9  shows  the  pressure  distribution  on  the  boattail 
surface  relative  to  a  predicted  solution  from  the  inviscid 
method  of  characteristics  for  axisymmetric  flow.  Notice 
that  the  overall  pressure  level  on  the  boattail  is  higher 
than  the  base  pressure  for  the  cylirulrical  afterbody  (Fig. 
3);  hence,  the  armular  ring  formed  by  the  projection  of 
the  boattail  surface  in  the  axial  direction  experiences  a 
drag  reduction  when  compared  to  the  same  annular  ring 
on  the  base  of  the  cylindrical  afterbody.  In  comparison 
to  the  method  of  characteristics  solution  (Fig.  9),  the 
measured  afterbody  pressure  profile  is  somewhat  rounded 
near  the  boattail  origin,  due  to  boundary  layer  effects, 
but  relaxes  to  the  predicted  solution  near  the  end  of  the 
boattail.  It  is  important  to  note  that,  in  this  case, 
boundary  layer  efiects  cause  higher  boattail  pressures 
near  the  body-boattail  junction  compared  to  the  MOC 
predictions,  which  contribute  to  the  net  drag  reduction. 

One  important  fluid  dynamic  feature  on 
boattailed  afterbodies  in  supersonic  flow  is  the  rapid 
expansion  at  the  body-boattail  junction  (Fig.  1).  Not 
only  does  the  freestream  flow  accelerate  through  the 
expansion,  but  the  afterbody  boundary  layer  is  disturbed 
as  it  enters  the  boattail  region.  In  general,  the  recovery 
of  turbulent  boundary  layers  from  rapid  expansions 
occurs  rtqridly  for  mean  flow  quantities  and  more  slowly 
for  the  turbulence  field.  As  an  example,  streamwise 
rms  velocity  fluctuation  profiles  are  shown  in  Fig.  10 
at  five  different  axial  stations,  one  upstream  (solid 
symbols)  and  four  downstream  (open  symbols)  of  the 
b^y-boattail  junction.  It  is  apparent  that  Ou  decreases 
through  the  expansion,  especially  over  the  inner 
portions  of  the  toundary  layer  where  the  streamwise 
pressure  gradient  is  most  severe.  This  reduction  in 
turbulence  activity  directly  affects  the  overall  turbulence 
levels  and  entrainment  in  the  initial  portion  of  the  shear 
layer  and,  therefore,  the  base  pressure.  The  transverse 
rms  velocity  fluctuation  (ay)  and  the  primary  shear 
stress  (<uV>)  were  also  reduced  through  the  expansion. 
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In  addition  to  the  turbulence  attenuation 
through  the  expansion  at  the  body-boattail  junction,  the 
mean  fireestream  flow  is  accelerated  and  the  mean  flow 
angle  is  altered  to  that  of  the  boattail  surface.  These 
effects  of  the  boattail  change  the  inlet  conditions  for  the 
near-wake  base  flow  as  compared  to  those  for  the 
cylindrical  afterbody  case.  Of  course,  the  effect  of 
afterbody  boattailing  on  the  pressure  in  the  base  region 
is  the  critical  element  in  determining  whether  a  net  gain 
or  loss  in  afterbody  drag  occurs.  In  the  present  case,  the 
average  base  pressi^  coefficient  on  the  base  of  the 
boattailed  afterbody,  Cpbase  =  -0.086,  was  16%  higher 
than  that  on  the  cylindrical  afterbody,  Fig.  3.  When  the 
projected  pressure-area  force  on  the  boattail  in  the  axial 
direction  is  considered,  a  net  afterbody  drag  reduction  of 
21%,  Conet  =  0.081,  is  found  compared  to  the 
cylindrical  case.  It  is  quite  amazing  that  this  significant 
drag  reduction  was  generated  by  only  a  slight 
modification  to  the  original  cylindrical  afterbody 
geometry. 

Although  the  global  benefits  of  afterbody 
boattailing  have  been  well  established,  it  is  the  flow 
physics  in  the  base  region  of  the  boattailed  afterbody 
that  are  the  primary  focus  of  the  current  study.  When 
comparing  the  structure  of  the  mean  velocity  fields 
throughout  the  near-wake  of  the  cylindrical  and 
boattailed  afterbodies,  it  becomes  obvious  that,  in 
general,  there  are  subtle  but  signiflcant  differences.  For 
example,  the  mean  axial  velocity  distribution  along  the 
wake  centerline  (Fig.  11)  shows  only  slight  increases  in 
the  mean  shear  layer  reattachment  location  and  the 
maximum  reverse  velocity  magnitude  in  the  boattailed 
afterbody  case,  suggesting  relatively  small  changes  in 
the  overall  mean  flow  near-wake  structure.  However, 
the  mean  shear  layer  growth  rate  in  the  cylindrical 
afterbody  case  was  found  to  be  nearly  three  times  that 
downstream  of  the  boattailed  afterbody.  The  flow 
mechanisms  involved  in  the  growth  rate  reduction 
become  clearer  when  we  consider  the  turbulence 
structure  in  the  near-wake  and,  more  specifically,  in  the 
developing  shear  layer. 

As  in  the  cylindrical  afterbody  case,  the 
conditional  quadrant  decomposition  technique  was 
applied  to  the  turbulence  data  obtained  in  the  brattailed 
afterbody  shear  layer.  From  this  analysis,  it  is  tq)parent 
that  a  turbulence  organization  similar  to  that  in  the 
cylindrical  afterbody  case  (Fig.  7b)  exists.  Although 
the  structure  of  the  turbulence  flelds  may  be  similar 
between  the  two  afterbodies,  the  absolute  magnitudes  of 
the  turbulence  quantities  differ  considerably.  Namely, 
the  shear  layer  turbulence  properties  for  the  boattailed 
afterbody  are  generally  reduced  from  those  downstream 
of  the  cylindrical  afteibody.  This  reduction  in  near- wake 
turbulence  activity  by  afterbody  boattailing  is  shown  by 


comparing  the  near-wake  turbulent  kinetic  energy 
contours  for  the  boattailed  afterbody  (Fig.  12)  widi 
those  previously  presented  for  the  cylindrical  afterbody 
(Fig.  S).  Direct  comparison  of  the  turbulent  kinetic 
energy  distributions  along  the  near-wake  centerline  for 
the  two  afterbodies  is  also  shown  in  Fig.  13.  Although 
the  global  peak  in  each  case  occurs  in  nearly  the  same 
location  relative  to  the  base,  the  peak  magnitude  is 
reduced  by  18%  by  afterbody  boattailing.  Turbulence 
reductions  were  found  in  all  components  of  the 
Reynolds  stress  with  axial,  radial,  and  tangential  rms 
velocity  fluctuations  reduced  by  8%,  17%,  and  1%, 
respectively.  In  addition,  the  peak  priniary  shear  stress, 
<u’v’>,  was  reduced  by  8%  by  afterbody  boattailing. 
The  primary  ramiflcation  of  the  reduced  turbulence 
activity  in  the  boattailed  afterbody  shear  layer  is  reduced 
mass  entrairunent  from  the  recirculation  region  behind 
the  base  and,  therefore,  an  increased  base  pressure  whra 
compared  to  the  cylindrical  afterbody  case.  The  reduced 
shear  layer  growth  rate  for  the  boattailed  afterbody 
supports  this  contention. 

Summarizing,  the  reduction  in  net  afterbody 
drag  by  afterbody  boattailing  results  from  severd 
factors.  The  increased  pressure  on  the  boattail  surface 
relative  to  the  cylindrical  afterbody  base  pressure  reduces 
drag  on  the  outer  periphery  of  the  projected  base  surface. 
More  importantly,  though,  the  base  pressure  on  the 
boattailed  afterbody  is  increased  through  changes  in  the 
near-wake  mean  velocity  and  turbulence  fields.  One 
important  result  of  the  present  study  is  the  overall 
reduction  in  measured  turbulence  activity  and,  hence, 
growth  rate  of  the  boattailed  afterbody  shear  layer 
relative  to  an  unboattailed  cylindrical  aft»body. 

Base  Bleed 

Badcground 

Base  bleed  is  a  drag  reducing  technique  which 
involves  injection  of  low-speed  fluid  into  the  base 
region  to  increase  the  base  pressure.  The  magnitude  of 
the  bleed  flow  rate  is  quantified  using  a  non-dimensional 
injection  parameter,  I,  defined  as  the  bleed  mass  flow 
rate  normalized  by  the  product  of  the  base  area  and  the 
freestream  mass  flux. 

The  effect  of  varying  the  bleed  mass  flowrate 
on  the  base  pressure  ratio  has  been  studied 
experimentally  by  several  researchers  (Cortright  and 
Schroeder,  19S1;  Reid  and  Hastings,  19S9b; 
Badrinarayanan,  1961;  Bowman  and  Clayden,  1967; 
Valentine  and  Przirembel,  1970).  The  results  of  these 
expoiments  exhibit  certain  common  trends  and  indicate 
three  distinct  operating  regimes  determined  by  the 
quantity  of  mass  injected.  The  base  pressure  ratio 
increases  fairly  linearly  with  bleed  rate  at  low  values  of 
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I  (regime  1).  A  peak  in  the  base  pressure  ratio  occurs  at 
an  intermediate  value  of  I  (near  I  =  0.01  for  air),  the 
value  of  which  depends  on  several  factors  including  the 
freestream  Mach  number,  the  size  and  geometry  of  the 
bleed  orifice,  and  the  molecular  weight  and  temperature 
of  the  bleed  gas.  Increases  in  base  pressure  ratio 
(relative  to  the  no-bleed  case)  from  10  to  90%  have  been 
reported  for  various  combinations  of  the  aforementioned 
parameters.  As  the  bleed  rate  is  increased  past  the 
optimum  value,  the  base  pressure  ratio  decreases 
(regime  2)  until  it  reaches  a  relative  minimum.  A 
further  increase  in  bleed  flow  leads  to  the  onset  of 
power-on  conditions  (regime  3)  when  the  bleed  flow 
becomes  supersonic,  resulting  in  an  increase  in  base 
pressure  ratio. 

From  the  combined  results  of  the  above 
experiments,  base  bleed  effectiveness  is  seen  to  increase 
with  freestream  Mach  number,  i.e.,  at  higher  Mach 
numbers,  the  peak  base  pressure  occurs  at  lower  I,  and 
the  percentage  increase  in  base  pressure  is  also  higher. 
Investigations  by  Reid  and  Hastings  (1959b),  Bowman 
and  Clayden  (1967),  and  Valentine  and  Przirembel 
(1970)  indicate  that  at  very  low  bleed  rates,  the  increase 
in  base  pressure  with  bleed  is  nearly  independent  of  the 
bleed  jet  area;  however,  at  higher  bleed  rates,  the 
effectiveness  of  base  bleed  was  shown  to  be  improved 
by  larger  jet-to-base  diameter  ratios.  Injection  with 
porous  bases  was  found  to  be  the  most  effective. 

Analytical  models  based  on  the  component- 
type  approach  of  Korst  (1956)  provide  some  insight 
into  the  physical  processes  that  are  associated  with  base 
bleed.  Although  these  models  can  only  represent  the 
base  bleed  flowfield  in  a  time-mean  sense  and  can  not 
account  for  its  instantaneous  turbulent  nature,  they  have 
been  fairly  successful  in  predicting  the  qualitative  effects 
of  bleed  on  base  pressure  (Korst  et  al.,  1964;  Reijasse  et 
al.,  1989).  Base  bleed  computations  using  the 
Reynolds-averaged  Navier-Stokes  equations  carried  out 
at  the  Army  Research  Laboratory  (Sahu  et  al.,  1985; 
Sahu,  1986;  Nietubicz  and  Sahu,  1991)  have  also  been 
successful  in  predicting  qualitative  base  pressure  trends 
and  in  capturing  flowfield  structure  details.  As 
discussed  in  the  introduction,  however,  RANS 
predictions  are  currently  limited  by  turbulence  modeling 
issues  and  lack  of  detailed  experimental  data  for 
validation. 

While  the  effectiveness  of  base  bleed  as  a  drag 
reducing  technique  is  well  known,  the  details  of  the 
fluid  dynamic  interactions  caused  by  base  bleed  are  not 
clearly  understood.  Most  of  the  previous  experimental 
investigations  were  carried  out  prior  to  the  development 
of  reliable  non-intrusive  diagnostic  methods,  and  their 
scope  was  primarily  limited  to  determining  the  global 
influence  of  various  base  bleed  parameters  on  base 


pressure.  Some  results  from  earlier  studies  are  also 
unreliable  due  to  possible  interference  arising  from 
model  support  effects.  Since  no  known  detailed 
measurements  of  the  base  bleed  flowfield  are  known  to 
exist,  a  research  effort  aimed  at  investigating  the  effects 
of  base  bleed  on  the  near-wake  flowfield  of  a  cylindrical 
afterbody  in  supersonic  flow  has  been  initiated  as  a 
logical  extension  to  the  blunt  base  and  boattail  studies 
described  in  the  previous  sections.  Initial  results  from 
this  effort  are  described  below. 

Experimental  Results 

For  the  base  bleed  study,  the  Axisymmetric 
Base  Row  Facility  shown  in  Fig.  2  was  used.  The 
63.5  mm  diameter  cylindrical  afterbody  contains  a 
0.4  caliber  bleed  orifice  which  is  preceded  by  an 
elliptically  contoured  section  based  on  ASME  long- 
radius  nozzle  standards  (Bean,  1971)  to  ensure  a  uniform 
velocity  profile  for  the  bleed  flow  exiting  the  base.  The 
bleed  line  also  contains  components  for  throttling, 
metering,  and  conditioning  the  bleed  flow.  Details  of 
the  wind  tunnel  and  the  base  bleed  facility  ate  provided 
by  Herrin  (1993)  and  Mathur  and  Dutton  (1995), 
respectively. 

Sparic-schlieren  photographs  (not  shown  here 
for  brevity)  were  taken  at  five  different  bleed  rates  using 
a  horizontal  knife-edge  and  were  used  to  obtain 
qualitative  information  on  the  effect  of  base  bleed  on  the 
near-wake  flowfield.  At  zero  bleed,  the  wake  is  closed 
and  a  strong  recompression  shock  system  is  evident. 
As  expected,  the  shear  layer  angle  becomes  flatter,  the 
base  comer  expansion  weakens,  the  wake  widens,  and 
the  recompression  shocks  become  weaker  as  the  bleed 
flow  rate  is  increased.  At  very  high  bleed  rates,  when 
the  bleed  exit  velocity  becomes  sonic,  the  Mach  disk 
emanating  from  the  bleed  orifice  interacts  with  the  outer 
flow,  forming  a  fairly  complex  shock  system.  This 
shock  system  appears  to  be  highly  unsteady,  as 
indicated  by  imaging  the  flowfield  on  a  screen  and  by 
visual  inspection  of  a  series  of  photogr^hs  at  this  bleed 
rate.  Further  details  are  provided  by  Mathur  and  Dutton 
(1995). 

Static  pressure  distributions  along  the 
afterbody  and  on  the  base  plane  were  obtained  for  ten 
bleed  rates  ranging  from  I  =  0  to  I  =  0.032.  The  radial 
distribution  of  base  pressure  coefficient  is  shown  in 
Fig.  14  for  all  ten  bleed  flow  rates.  At  any  given  bleed 
rate,  the  base  pressure  distribution  is  radially  symmetric 
across  the  base  annulus,  and  fairly  independent  of  radial 
location.  The  slight  increase  in  base  pressure  near  the 
base  comer  in  some  cases  is  probably  due  to  streamline 
curvature  effects  caused  by  the  sharp  change  in  flow 
direction  during  entrainment  of  the  low-speed  flow  from 
the  recirculation  region  by  the  high-sp^  shear  layer 
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near  the  base  comer.  It  is  also  evident  that  the  base 
pressure  initially  increases  with  bleed  rate  (solid  symbol 
cases),  peaks  at  around  I  s  0.0148,  and  then  decreases 
rapidly  as  the  bleed  rate  is  increased  further  (open 
symbol  cases).  This  behavior  is  more  clearly  seen 
when  the  average  base  pressure  coefficient,  based  on  the 
area-weighted  average  of  each  profile,  is  plotted  as  a 
function  of  the  injection  parameter.  Fig.  IS.  Data  from 
the  blunt  base  and  the  five  degree  boattailed  afterbody 
results  discussed  previously  are  also  preset^.  The 
peak  average  base  pressure  coefficient  is  Cpbase  = 
-0.078  at  I  =  0.0148.  Neglecting  the  thrast  of  the 
bleed  flow,  this  results  in  a  net  base  drag  coefficient  of 
Conet  =  0.078  which  is  a  reduction  of  approximately 
24%  compared  to  the  blunt  base  case  and  4%  compared 
to  the  boattailed  afterbody.  The  diifCTence  in  the  average 
base  pressure  coefficient  between  the  blunt  base  and  the 
1  =  0  no-bleed  case  is  probably  due  to  the  compliant 
boundary  presented  by  the  bleed  orifice  and  the  hollow 
sting  cavity  upstream.  The  average  base  pressure  ratio 
peak  at  I  =  0.0148  is  consistent  with  earlier 
experiments  (Reid  and  Hastings,  19S9b;  Bowman  and 
Clayden,  1967;  Valentine  and  Przirembel,  1970),  all  of 
which  were  performed  with  bleed  orifices  of  0.4  calibo'. 

A  parametric  study  of  the  mean  axial  velocity 
and  turbulence  quantities  along  the  near-wake  centerline 
has  been  performed  using  LDV.  The  effect  of  base 
bleed  on  die  mean  axial  velocity  distribution  along  the 
centerline  can  be  seen  in  Fig.  16.  For  the  no-bleed 
case,  the  peak  reverse  velocity  (30%  of  the  freestream 
value)  and  the  rear  stagnation  point  occur  1.5  and  2.8 
base  radii  downstream  of  the  base,  respectively.  These 
results  are  nearly  identical  to  measurements  done  with 
the  blunt  base.  At  the  base  plane  (x  =  0),  however,  the 
extrapolated  axial  velocity  is  non-zero  and  negative,  due 
to  the  compliant  boundary  presented  by  the  bleed 
orifice.  As  the  bleed  rate  is  increased,  the  bleed  jet  exit 
velocity  increases,  causing  a  downstream  shift  of  the 
forward  stagnation  point  where  the  bleed  flow  and 
reverse  flow  meet  This  has  the  eflect  of  diminishing 
the  size  of  the  centerline  recirculation  region  since  the 
rear  stagnation  point  location  is  relatively  constant  at 
x/Ro  =  3.2  (note  that  this  position  for  the  bleed-on 
cases  is  shifted  relative  to  the  bleed-off  case).  The  peak 
reverse  velocity  location  occurs  progressively 
downstream,  and  its  magnitude  decreases,  with 
increasing  bleed.  At  I  =  0.0148,  the  optimum  bleed 
rate  fi’om  a  base  pressure  viewpoint,  the  recirculation 
region  along  the  centerline  almost  disappears.  No 
reverse  velocity  is  detected  along  the  centerline  for  the 
I  =  0.0226  case,  indicating  penetration  of  the  bleed  jet 
into  the  wake. 


Hguies  17  and  18  present  the  axial  and  radial 
turbulence  intensity  distributions  along  the  centorline. 
For  each  bleed  case  (except  I  =  0.0226),  two  peaks  are 
observed  in  the  distribution  of  turbulence  intensity. 
The  first  peak  occurs  at  the  forward  stagnation  point 
location  due  to  the  change  in  flow  direction  from  axial 
to  radial  when  the  bleed  flow  meets  the  reverse  flow  in 
the  recirculation  region.  The  magnitude  of  this  peak  is 
seen  to  decrease  with  increasing  bleed  rate  due  to  the 
smaller  influence  of  the  diminishing  recirculation 
region.  The  second  peak  occurs  at  the  rear  stagnation 
location  due  to  reattachment  phenomena.  The  influence 
of  the  flow  mechanisms  occurring  at  both  stagnation 
point  locations  is  much  stronger  in  the  axial  direction. 
Consequently,  the  peaks  in  the  radial  turbulence 
intensity  distributions  are  not  as  pronounced  as  the  axial 
intensity  peaks.  At  the  higher  bleed  rates,  the  bleed 
flow  penetrates  further  into  the  near-wake,  accounting 
for  the  low  overall  turbulence  intensity  levels  seen  in 
Figs.  17  and  18  for  these  cases.  Anisotropy  of  the 
turbulent  normal  stresses  along  the  centerline  is  also 
evident  from  the  differences  in  the  axial  and  radial 
turbulence  intensity  profiles.  Figure  19  shows  the 
centerline  distribution  of  turbulent  kinetic  energy. 
Comparing  these  results  to  those  in  Fig.  13  for  the 
cylindrical  and  boattailed  afterbodies,  the  substantially 
reduced  centerline  turbulence  levels  for  the  bleed-on 
cases  are  evident 

PLANAR  VISUALIZATIONS  AND 
MEASUREMENTS  OF  TWO-DIMENSIONAL 
BASE  FLOWS 

It  has  been  shown  in  the  preceding  sections 
that  pointwise  statistical  measurements  provide  clues  on 
the  nature  of  both  small-  and  large-scale  turbulent 
structures  which  control  the  dynamics  of  mixing  and 
energy  exchange  occurring  within  high-speed  separated 
flowfields,  especially  in  the  shear  layo*,  reattachment, 
and  wake  development  regions.  Direct  examination  of 
these  structures,  in  conjunction  with  statistical  data, 
offers  the  possibility  of  improving  understanding  of  the 
effects  of  the  turbulent  structures  on  these  flows.  In 
turn,  this  information  may  be  used  to  better  conuul  and 
model  high-speed  separated  flows  over  a  wide  range  of 
conditions. 

Such  direct  exantination  of  turbulent  structures 
in  compressible  separated  flows  requires  non-intrusive 
multi-point  time-resolved  measurements.  Planar  optical 
techniques  which  provide  this  capability  have  been 
^lied,  with  consideration  of  the  special  requirements 
for  high-speed  separated  flows,  in  the  following  studies 
of  two-dimensional  base  flows. 
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PIV  Measurements  of  Subsonic  Base 
Cavity  Flows 

Although  the  mean  velocity  field  in  the  wake 
of  a  two-dimensional  body  at  large  Reynolds  number 
and  subsonic  velocity  is  similar  in  appearance  to 
supersonic  base  flows  (shear  layers,  recirculation  region, 
and  rear  stagnation  point  as  shown  in  Fig.  1),  the 
instantaneous  wake  structure  is  actually  made  up  of 
alternately  shed  vortices  known  as  the  von  Kdrmdn 
vortex  street  This  commonly  occurring  structure  has 
been  the  subject  of  numerous  studies  beginning  with 
von  Kirmdn's  first  theoretical  analysis  of  vortex  streets 
in  1911.  A  salient  feature  of  this  flowfield  is  the 
interaction  of  the  low  pressure  vortices  in  the  near-wake 
with  the  base  surface,  inducing  base  drag,  which  is 
typically  a  significant  component  of  the  total  drag.  For 
this  reason,  drag  reduction  methods  based  on 
modification  of  the  vortex  street  have  received  much 
attention. 

One  effective  drag  reduction  technique  is  the 
use  of  a  base  cavity.  It  has  been  shown  experimentally 
that  the  presence  of  a  solid-walled  cavity  in  the  base 
region  of  a  slender  two-dimensional  body  (see  Fig.  20) 
increases  the  base  pressure,  resulting  in  base  drag 
reductions  of  up  to  30%  (Nash  et  al.,  1963;  Pollock, 
1969;  Clements  and  Maull,  1975;  Kruiswyk  and 
Dutton,  1990).  Other  effects  of  a  base  cavity  that  have 
been  experimentally  observed  include  an  increase  in 
Strouhal  number  (dimensionless  vortex  shedding 
frequency)  as  compared  to  a  blunt  base  (Clements  and 
Maull,  1975;  Kruiswyk  and  Dutton,  1990)  and  limited 
drag  reduction  for  a  cavity  depth  beyond  approximately 
half  the  base  height 

Although  these  effects  of  base  cavides  are  well 
documented,  the  mechanism  of  base  cavity  drag 
reduction  was  unclear  based  on  these  and  other  previous 
studies.  Several  theories  were  proposed  based  on 
modeling  and  measurement  of  the  wake  structure,  all  of 
which  implied  some  modification  of  vortex  formadon 
location  and  reducdon  in  vortex  strength. 

Particle  image  velocimetry  (PIV)  was  applied 
in  a  recent  study  of  two-dimensional  base  cavities  to 
resolve  the  mechanism  of  base  cavity  drag  reduction 
(Molezzi  and  Dutton,  1993a;  Molezzi  and  Dutton 
1995).  PIV  is  an  optical-based  technique  used  to 
measure  flow  velocities  over  an  entire  planar  region 
simultaneously.  The  PIV  system  developed  for  this 
work  is  described  in  detail  by  Molezzi  and  Dutton 
(1993b).  PIV  has  the  ability  to  identify  turbulent  flow 
structures  which  can  be  random  in  nature  but  important 
to  the  overall  behavior  of  the  flow.  PIV  also  reveals 
planar  views  of  three-dimensional  flow  stmctures  which 
are  smeared  by  line-of-sight  integration  inherent  in 


techniques  such  as  schlieren  or  shadowgraph 
photography. 

Experiments  were  performed  in  a  blowdown- 
type  transonic  wind  tunnel  (Fig.  21)  with  a  design  based 
on  that  of  LitUe  and  Cubbage  (1961).  The  tunnel  has  a 
101.6  mm  square  test  section  with  solid  sidewalls  and 
slotted  upper  and  lower  inner  walls  to  relieve  the 
blockage  effect  of  models  in  the  subsonic  to  transonic 
speed  range.  Six-inch  diameter  round  windows  are 
mounted  in  both  sidewalls  to  allow  visualization  of  the 
downstream  end  and  near-wake  of  a  base  model.  Slot¬ 
shaped  upper  and  lower  windows  are  also  mounted  in 
the  outer  tunnel  walls  for  PIV  optical  access.  The  base 
model  is  made  up  of  an  interchangeable  afterbody 
mounted  on  a  wedge-shaped  forebody.  The  afterbodies 
used  are  a  blunt  base  and  a  rectangular  base  cavity  with 
a  depth  of  half  the  base  height.  The  experimental 
facilities  and  flow  conditions  were  selected  to  match 
those  used  by  Kruiswyk  and  Dutton  (1990)  to  facilitate 
comparison  of  results. 

Data  were  obtained  for  quantitative  analysis 
with  the  blunt  base  and  base  cavity  models  at  both  of 
the  fleestream  conditions  shown  in  Table  1,  resulting  in 
four  experimental  cases.  PIV  data  were  also  obtained 
for  both  base  models  at  a  Mach  0.8  freestream 
condition,  but  inconsistent  seeding  density  in  some 
regions  of  the  wake  limited  those  results  to  a  qualitative 
confirmation  of  the  existence  of  a  turbulent  vortex  street 
wake  similar  to  that  observed  in  the  Mach  0.4  and  0.6 
cases. 


Table  1  Experimental  Flow  Conditions 


Reestream 

Freestream 

Mach  No.  (Moo) 

Reynolds  No.  (Reoo) 

0.4 

1.36  X  10^ 

0.6 

1.82  X  105 

Fifteen  flowfield  realizations  were  obtained  for 
each  of  the  Mach  0.4  and  Mach  0.6  cases  listed.  Each 
individual  realization  consists  of  an  array  of  6831  (99  x 
69)  instantaneous  velocity  vectors  with  0.5  mm 
spacing  in  the  streamwise  and  transverse  directions  for 
resolution  of  small-scale  motions  within  the  flowfield. 
Out-of-plane  vorticity  was  also  calculated  for  each 
realization  to  directly  analyze  vortex  location  and 
strength,  which  had  previously  been  impossible  in 
high-speed  sq)aiated  flows. 

A  gray  scale  plot  of  vorticity  with  overlaid 
velocity  vectors  from  a  single  Mach  0.6  realization  is 
shown  in  Fig.  22.  One  of  the  notable  features,  which 
holds  for  all  realizations,  is  the  significant 
fragmentation  of  the  vortices  as  they  shed  from  the 
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s^aiated  shear  layers  at  the  aft  edge  of  the  base.  This  is 
indicative  of  the  Mgh  level  of  boundary  layer  turbulence 
prior  to  separation,  conHimed  by  LDV  measurements 
showing  an  increase  of  turbulence  intensity  from  1%  in 
the  freestream  to  5%  in  the  boundary  layer  as  the 
afterbody  surface  is  approached  just  prior  to  separation 
(Molezzi,  1993).  Propagation  of  small-scale  turbulent 
structures  throughout  Ae  flowfield  is  also  evident  This 
result  is  confirmed  by  fast  response  pressure 
measurements  made  in  the  wake  by  Kruiswyk  and 
Dutton  (1990)  which  showed  a  distributed  spectrum 
around  the  vortex  shedding  frequency,  indicating  the 
superposition  of  the  vortex  street  on  a  random  turbulent 
flowfield.  A  classical  turbulence  energy  cascade  from 
the  large-scale  vortices  to  the  smallo'  scales  takes  place 
downstream  of  the  base,  causing  the  gradual  breakdown 
of  distinct  vortices  into  the  small-scale  structures. 

In  order  to  analyze  the  path  and  strength  of 
vortices  in  the  near-wake,  the  root  mean  square  (RMS) 
vorticity  was  calculated  from  the  15  realizations  for  each 
case  to  reveal  the  magnitude  and  location  of  vorticity 
peaks  in  the  wake.  The  RMS  vorticity  for  each  case  is 
presented  in  Fig.  23.  These  plots  show  the  region 
within  approximately  one  base  height  of  the  aft  edge  to 
concentrate  on  notable  features.  One  of  the  features 
revealed  in  these  plots  is  the  presence  of  the  free  shear 
layers  propagating  from  each  separation  point.  At  a 
point  less  than  one-half  base  height  downstream,  they 
end  abruptly,  indicating  the  mean  location  at  which  free 
vortices  break  off  into  the  wake,  i.e.  the  vortex 
formation  location.  Lines  fit  to  the  peak  vorticity 
values  along  the  shear  layers  are  shown  to  aid  in 
identifying  the  mean  shear  layer  location,  shape,  and 
length.  Each  shear  layer  line  ends  at  the  point  where 
the  vorticity  drops  below  67%  of  the  maximum  for  each 
flow  condition,  allowing  a  relative  comparison  of  the 
shear  layer  lengths  between  all  four  cases. 

Table  2  shows  the  averse  shear  layer  length 
for  each  experimental  case.  Although  wake  static 
pressure  data  were  used  by  Kruiswyk  and  Dutton  (1990) 
to  conclude  that  vortex  formation  occurs  slightly  further 
downstream  due  to  the  cavity  for  the  Mach  0.4 
freestream  condition,  the  data  here  show  small  absolute 
reductions  in  average  shear  layer  length  between  the 
blunt  and  cavity  cases  for  each  freestream  condition. 
However,  since  the  differences  ate  small  and  considering 
the  asymmetry  in  length  of  the  upper  and  lower  shear 
layers,  no  evidence  of  significant  change  in  vortex 
formation  location  due  to  the  cavity  can  be  claimed 
based  on  these  data. 

Figure  23  does,  however,  reveal  that  the  angle 
of  convergence  of  the  shear  layers  toward  each  other  is 
notably  steeper  for  the  base  cavity  cases  than  for  the 
blunt  toe  cases.  Convergence  causes  the  transverse 


separation  distance  between  the  shear  layers  to  be 
reduced  at  their  endpoints  (shown  in  Table  3), 
explaining  the  increase  in  shedding  frequency  observexl 
by  Kruiswyk  and  Dutton  (1990)  for  the  base  cavity, 
given  that  the  shedding  frequency  in  a  vortex  street  is 
inversely  proportional  to  the  distance  between  the  shear 
lay^  (Fage  and  Johansen,  1927). 


Table  2  Base  Flow  Shear  Layer  Length 


Experimental 

Case 

Avoage  Shear  Lay^ 
Streamwise  Len^ 
(mm) 

%  Change 
from  Blunt 

M^=0.4  blunt 

6.9 

— 

M^=0.4  cavity 

6.8 

-1.4 

M„s0.6  blunt 

8.0 

— 

M^=0.6  cavity 

7.4 

-15 

Table  3  Base  Flow  Shear  Layer  Separation 


Experimental 

Case 

Shear  Layer  En(4>oint 
Separation 
(mm) 

%  Change 
from  Blunt 

M„=0.4  blunt 
M^s=0.4  cavity 

13.0  - 

12.5  -3.8 

M„=0.6  blunt 

OO 

M,„=0.6  cavity 

13.5  - 

12.8  -52 

Table  4  Base  Flow  Near-Wake  Vortex  Strength 

Experimoital 

Case 

Spatial  Average 
RMS  Vorticity  (s‘^) 

%  Change 
from  Blunt 

Moo=0.4  blunt 
M,„=0.4  cavity 

42590  - 

40890  4.0 

M„=0.6  blunt 

OO 

M^=0.6  cavity 

66120  - 

62490  -55 

In  an  effort  to  quantify  the  strength  of  the 
vortices  just  after  f(»mation,  the  spatially  averaged 
RMS  vorticity  was  calculated  for  each  experimental  case 
over  a  uniform  region  just  past  the  shear  layer 
midpoints.  The  results  are  shown  in  Table  4.  Although 
the  data  scatter  in  Fig.  23  makes  small  differences 
difficult  to  determine  visually.  Table  4  shows  that  the 
average  RMS  vorticity  level  is  indeed  reduced  somewhat 
by  the  cavity  for  both  freestream  Mach  numbers, 
implying  a  small  decrease  in  vortex  strength.  Also,  the 
effect  of  the  base  cavity  on  mean  vortex  path  is  not 
clear  from  Hg.  23,  although  it  is  evident  that  the  vortex 
path  is  somewhat  random  due  to  near-wake  turbulence. 
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The  effects  of  increasing  Mach  number  on  the 
shear  layers  include  a  small  increase  in  shear  layer 
separation  (see  Table  3)  which  seems  to  be  caused  by  a 
reduction  in  both  the  initial  convergence  angle  and 
curvature  of  the  shear  layers,  and  can  be  attributed  to 
increased  streamwise  momentum  in  the  fluid  stream 
outside  the  wake.  The  shear  layers  are  also  extended  by 
approximately  1  mm  for  the  Mach  0.6  freestream  cases 
versus  Mach  0.4  (Table  2),  causing  vortex  formation  to 
occur  further  downstream  of  the  base  edge.  This  serves 
to  explain  the  reduced  effectiveness  of  the  cavity  at 
higher  Mach  number  as  shown  by  Kruiswyk  and  Dutton 
(1990)  since,  as  the  vortices  form  further  away  from  the 
base  at  higher  Mach  number,  their  effect  on  the  pressure 
at  the  base  surface  is  reduced. 

Further  information  on  base  cavity  wake 
effects  can  be  obtained  by  comparing  the  instantaneous 
wake  structure  for  the  blunt  base  and  base  cavity  at  a 
similar  point  in  the  vortex  shedding  cycle.  For  each 
freestream  condition,  pairs  of  blunt  base  and  base  cavity 
realizations  were  selected  with  closely  matching  vortex 
locations  in  the  near-wake  for  comparison.  Figure  24 
shows  one  such  realization  pair  at  the  Mach  0.6 
freestream  condition.  These  realizations,  along  with 
others  not  shown  here,  indicate  that  the  circulating 
region  around  a  fully  formed  vortex  entering  the  wake 
covers  most  of  the  base  height.  However,  it  is  evident 
that  the  base  cavity  allows  the  circulating  region  around 
the  first  fully  formed  vortex  to  extend  further  in  all 
directions,  diffusing  the  vortex  motion  over  a  larger 
region.  Although  velocity  data  are  available  only  to 
within  1  mm  of  the  base  boundary,  the  vortex  seems  to 
extend  partially  into  the  cavity  boundary  (see  first 
column  of  vectors  at  x  =  1  mm),  but  the  relatively 
small  magnitude  of  this  motion  and  the  distance  of  the 
vortex  center  fiom  the  cavity  preclude  the  vortex  from 
being  significantly  inhibited  by  the  cavity  walls.  This 
is  confirmed  by  surface  flow  visualization  experiments 
performed  by  Kruiswyk  and  Dutton  (1990)  which 
indicated  very  little  fluid  motion  on  the  inner  cavity 
walls,  even  near  the  cavity  edge.  Figure  24(d)  also 
shows  very  low  vorticity  near  the  cavity  boundary, 
indicating  little,  if  any,  effect  of  the  cavity  walls  on 
vortex  formation. 

Another  feature  of  the  vortex  expansion  shown 
in  Fig.  24  is  that,  with  the  base  cavity,  the  vortices 
extend  far  enough  across  the  wake  to  affect  the  opposing 
shear  layer.  For  example,  in  Fig.  24(b),  the  fully 
formed  vortex  shed  from  the  lower  separation  point 
clearly  interacts  more  strongly  with  the  upper  shear 
layer  than  is  the  case  for  the  blunt  base  in  Fig.  24(a). 
This  is  especially  evident  from  the  vorticity  plots  in 
Figs.  24(c)  and  (d).  Shear  layers  are  indicated  by  solid 
lines  in  the  same  manner  as  in  Fig.  23.  The  fluid 


motion  near  the  shear  layers  due  to  vortex  expansion 
across  the  wake  is  also  shown  in  Fig.  24(d)  with  a 
curved  arrow.  The  most  significant  effect  of  the 
interaction  of  the  expanded  vortex  with  the  opposing 
shear  layer  is  a  folding  of  the  shear  layer  region.  In 
Hg.  24(d),  the  upper  shear  layer  is  folded  toward  the 
centerline  at  locations  upstream  of  the  vortex  center  due 
to  downward  fluid  momentum  in  this  region. 
Interaction  of  the  expanded  vortex  with  remnants  of  the 
upper  shear  layer  downstream  of  the  vortex  center  is 
also  apparent  with  the  shear  layer  folding  away  from  the 
transverse  centerline. 

The  evidence  presented  indicates  that  the  most 
prominent  eflects  of  a  base  cavity  on  the  vortex  street 
wake  are  the  e^qtansim  of  individual  vortices  across  the 
near-wake  and  partially  into  the  cavity  and  the  resulting 
increased  conveigence  of  the  separated  shear  layers  from 
each  base  comer  toward  the  transverse  wake  centerline. 
The  diffusion  of  vortex  motion,  in  turn,  reduces  vortex 
strength  by  approximately  4%  to  6%,  although  the 
vortices  do  not  form  significantly  further  upstream  and 
are  not  inhibited  by  the  cavity  walls.  This  is  seen  at 
both  freestream  conditions  examined  here.  It  is  also 
evident  that  the  effects  are  less  significant  at  higher 
freestream  velocities  due  to  the  extension  of  the 
separated  shear  layers  and  the  movement  of  the  vortex 
formation  location  frirtho'  downstream,  away  from  the 
base. 

Aside  fr’om  these  wake  modifications,  the 
mechanism  of  base  pressure  increase  due  to  base  cavities 
must  be  considered.  The  effects  described  above  modify 
and  slightly  weaken  the  vortex  street,  which,  in  turn, 
should  slightly  increase  the  pressure  in  the  vicinity  of 
the  vortices  in  the  near-wake.  However,  these  changes 
are  relatively  small  and  the  vortex  formation  location 
and  path  are  not  significantly  modified.  Therefore,  since 
neither  the  strength  nor  location  of  the  vortices  is 
significantly  altered  with  the  base  cavity,  the  most 
significant  factor  affecting  the  base  pressure  appears  to 
be  the  upstream  displacement  of  the  base  surface  to  a 
location  where  it  does  not  interact  strongly  with  the  low 
pressure  vortices. 

The  lack  of  sensitivity  of  wake  stmcture  to 
base  cavity  modifications  may  have  several  implications 
in  base  flow  research  and  design,  including  areas  such  as 
the  prediction  of  wake  signatures  and  performance  of 
modified  base  cavity  geometries. 

Mie  Scattering  Visualizations  of  Large-Scale 
Structures  in  Supersonic  Base  Flow 

Background 

This  section  describes  an  ongoing  experimental 
investigation  of  the  complex  interaction  region 
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generated  by  the  separation  of  two  supersonic  streams 
past  a  Hnite-thickness  base.  This  type  of  flowfield  is 
frequently  encountered  in  practical  applications  such  as 
powered  missiles  in  supersonic  flight,  the  trailing  edge 
of  a  blunt  sup^^nic  airfoil,  chemical  lasers,  supersonic 
exhaust  nozzles,  and  supersonic  combustors.  Previous 
research  has  shown  the  near-wake  region  to  be 
dominated  by  strong  velocity  gradients,  pronounced 
turbulence  levels,  and  expansion-compression  processes 
covering  the  full  range  of  gas  dynamic  regimes  (Petrie 
et  al.,  1986;  Samimy  and  Addy,  1986;  Samimy  et  al., 
1986;  Amatucci,  1990). 

Although  the  concept  of  large-scale  (or 
coherent)  structures  within  incompressible  shear  layers 
is  well  established  (Cantwell,  1981;  Coles,  1985; 
Hussain,  1986),  only  recently  have  analytical, 
computational,  and  experimental  studies  shown  the 
presence  of  these  structures  in  supersonic  shear  layers 
(Papamoschou  and  Roshko,  1988;  Elliott  and  Samimy, 
1990;  Clemens  and  Mungal,  1992;  Messersmith, 
1992).  At  low  compressibility,  two-dimensional  roller- 
type  large-scale  structures  with  distinct  braid  and  core 
regions  are  discernible.  As  the  compressibility  of  the 
mixing  layer  increases,  plan  views  show  degeneration 
of  the  spanwise  organization  of  the  structure,  first  by 
skewing  of  the  structure,  followed  by  a  nearly  complete 
breakdown  in  two-dimensional  organization.  At  the 
highest  levels  of  compressibility,  the  structures  appear 
to  have  few  similarities  to  the  well-defined  Brown- 
Roshko  rollers  typical  of  incompressible  mixing  layers 
(Brown  and  Roshko,  1974);  instead,  they  seem  to 
exhibit  a  more  random  and  less  coherent  organization. 

Recognizing  the  importance  of  coherent 
motions  in  supersonic  free  shear  layers  and  that  these 
shear  layers  are  such  a  dominant  feature  of  supersonic 
base  flows,  an  understanding  of  the  large-scale  structures 
and  their  behavior  in  the  near-wake  region  is  clearly 
important  The  primary  objective  of  this  research  effort 
is  to  obtain  a  more  complete  understanding  of  the 
detailed  fluid  dynamic  processes,  speciflcally  the 
behavior  and  evolution  of  large-scale  turbulent 
structures,  inh^nt  to  suposonic  planar  base  flowfields. 
The  present  study  is  believed  to  be  the  first  to  employ 
planar  imaging  techniques  for  the  near-wake  interaction 
of  two  dissimilar  supersonic  streams  separated  by  a 
finite-thickness  splitter  plate.  The  qualitative  images 
and  quantitative  measurements  will  help  clarify  the 
influence  of  the  large-scale  structures  on  the  shear  layers 
and  recirculation  region,  as  well  as  their  contribution  to 
wake  development 

Experimental  Facilities  and  Diagnostics 

This  research  is  being  conducted  in  a 
supersonic,  blowdown-type  wind  tunnel  designed 


specifically  for  the  study  of  planar  base  flows.  Figure 
25  is  a  schematic  diagram  of  the  wind  tunnel  facility. 
The  converging-diverging  nozzles  that  produce  the  two 
supersonic  streams  were  designed  by  Amatucci  (1990) 
using  a  method  of  cfaaractmstics  analysis  for  the  desired 
Mach  number  and  nozzle  exit  height  These  nozzle 
blocks  were  modified  by  inserting  slot  windows  flush- 
mounted  along  the  floor  and  ceiling  of  the  test  section 
to  provide  optical  access  for  a  laser  sheet  The  two- 
dimensional  test  section  (100  mm  X  50  mm  cross- 
section)  produces  a  Mach  2.5  upper  stream  and  a  Mach 
2.0  lower  stream  (with  intentional  boundary  layer 
thickness  mismatches)  both  of  which  undergo  geometric 
separation  past  a  thick  splitter  plate  (25  mm  in  height). 
The  resulting  expansion  and  mixing  processes  before 
recompression,  reattachment,  and  development  of  the 
wake  flow  provide  the  opportunity  to  characterize  the 
evolution  of  the  coherent  motions  in  the  shear  layers 
throughout  initial  formation,  zero  pressure  gradient 
mixing,  and  subsequent  adverse  pressure  gradient 
conditions. 

The  present  study  employs  planar  Mie 
scattering  from  condensed  ethanol  droplets  as  the 
primary  visualization  diagnostic.  This  non-intrusive 
visualization  technique  provides  instantaneous  structural 
information  without  the  detrimental  volumetric¬ 
averaging  inherent  to  line-of-sight  techniques  such  as 
schlieren  or  shadowgraph  photography.  This  is 
especially  important  in  the  present  study  because  the 
convective  Mach  number  (Bogdanoff,  1983),  Me.  of 
these  shear  layers  is  large  enough  that  the  large-scale 
structures  are  expected  to  be  highly  three-dimoisional  in 
character.  In  the  present  study,  liquid  ethanol  in  minute 
quantities,  typically  0.35  percent  mass  fraction,  is 
introduced  far  upstream  of  the  test  section  where  it 
completely  evaporates  into  the  carrier  air.  Due  to  the 
rapid  cooling  as  the  air  expands  to  supersonic 
conditions,  sudden  condensation  occurs,  forming  a  fine 
"fog"  of  ethanol  droplets  which  can  be  visualized  with  a 
laser  sheet.  It  is  important  to  remember  that  Mie 
scattering  visualizes  particles  in  the  flow,  not  the  actual 
flow  itself.  Based  on  a  conservative  estimate  of  the 
ethanol  droplet  size  and  the  experimental  conditions 
(described  lat»),  a  representative  Stokes  number  for  the 
present  investigation  is  0.06,  which  is  nearly  an  order- 
of-magnitude  less  than  Samimy  and  Lele's  (1991) 
criterion  of  0.5  for  reliable  Mie  scattering  images. 

Figure  26  illustrates  the  image  acquisition 
hardware  and  physical  arrangement  The  ouq)ut  from  a 
high-power  puls^  Nd:YAG  laser  is  fi^quency  doubled 
to  532  nm,  shaped  by  a  series  of  spherical  and 
cylindrical  lenses  into  a  planar  sheet,  and  used  to 
illuminate  the  scattering  medium.  The  planar  beam 
sheet  is  approximately  300  microns  thick  and  75  mm 
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wide.  The  laser  has  a  temporal  pulse  width  of  4- 
6  nanoseconds  which  is  sufficiently  short  to  freeze  the 
particle  motion.  A  high-resolution  scientific-grade 
charged-coupled-device  (CCD)  camera  with  array 
dimensions  of  512  pixels  x  512  pixels  x  14-bit 
resolution  is  used  to  collect  the  scattered  signals 
through  standard  photogrtq)hic  lenses. 

Results  and  Discussion 

By  applying  the  isentropic  procedure  of 
Bogdanoff  (1983),  the  convective  Mach  number  for  the 
shear  layers  has  been  computed  to  be  Me  =  1.38,  well 
into  the  supersonic  regime  where  three-dimensional 
structures  are  anticipated.  For  purposes  of  computing 
the  convective  Mach  number,  the  boundary  condition  on 
the  low-speed  side  of  the  shear  layers,  i.e.  the 
recirculation  zone,  was  determined  from  LDV  survey 
data.  Prior  research  has  shown  that  certain  locations 
within  the  recirculation  region  can  possess  reverse 
velocities  as  high  as  20  percent  of  the  freestream 
velocity  (Amatucci,  1990). 

Figure  27  illustrates  the  location  and 
orientation  of  each  field-of-view  for  the  images  to  be 
presented.  All  views  are  drawn  to  scale.  Views  B  and 
C  are  inclined  relative  to  the  tunnel  floor  so  as  to  be 
aligned  with  the  mean  flow  direction  of  the  shear  layer. 
Note  that  Views  A  and  E  overly  by  one-quarter  base- 
height.  All  images  are  presented  with  the  flow  from 
left  to  right.  View  B  is  centered  in  the  zero-pressure 
gradient  region  of  the  upper  free  shear  layer,  while  View 
C  is  centered  in  the  adverse  pressure  gradient,  i.e. 
recompression,  region  prior  to  reattachment.  These  two 
views  will  be  useful  for  determining  the  effect  of 
pressure  gradient  on  structural  characteristics  and 
evolution. 

Figure  28  presents  a  global  image  of  the  near¬ 
wake  interaction  using  View  A.  A  base  model  (drawn 
to  scale)  has  been  included  as  an  orientation  aid.  At 
both  the  upper  and  lower  separation  comers,  the  signal 
level  is  initially  low  due  to  the  effects  of  boundary  layer 
heating.  The  recovery  temperatures  near  the  splitter 
plate  correspond  to  a  relatively  high  ethanol  saturation 
pressure,  thus  inhibiting  condensation.  Upon 
negotiating  the  expansion  comers,  the  shear  layers 
experience  a  rapid  cooling  leading  to  the  formation  of 
condensate.  Although  the  flow  is  globally  seeded,  no 
condensate  was  observed  in  the  recirculation  zone.  This 
is  attributed  to  the  relatively  low  velocities  in  this 
region  and  the  correspondingly  high  temperature.  The 
base  region  provides  evidence  that  re-evaporation  of  the 
ethanol  is  occurring  in  this  flowfield;  therefore,  special 
consideration  of  the  thermodynamic  conditions 
throughout  the  flowfield  must  be  maintained  when 
interpreting  the  images. 


Inspecting  the  results  in  Fig.  28,  the  Mach  2.0 
boundary  layer  (lower)  undergoes  a  much  stronger 
expansion  than  the  Mach  2.5  boundary  layer; 
consequently,  the  initial  portion  of  the  bottom  shear 
layer  has  a  more  uniform  and  consistent  signal  than  the 
upper  separated  shear  layer.  The  signal  dropout  in  the 
iqjper  layer  may  also  be  attributed  to  the  boundary  layer 
thickness  mismatch  at  separation;  the  Mach  2.5 
boundary  layer  is  approximately  2.3  times  thicker  than 
the  Mach  2.0  layer.  The  rapid  distortion  at  the  comers 
may  also  be  responsible  for  the  disparity  in  large-scale 
activity  between  the  two  shear  layers.  The  upper  layer 
is  immediately  characterized  with  stringy,  filament-like 
stmetures  projecting  into  the  recirculation  region;  see 
Fig.  29,  View  B.  The  structures’  highly-strained 
appearance  is  consistent  with  the  observations  of 
Messersmith  (1992)  and  Clemens  and  Mungal  (1992) 
for  their  high  compressibility  cases.  These  structures 
are  not  seen  in  the  lower  shear  layer  until  later 
streamwise  stations.  Note  that  Mach  and/or  weak  shock 
waves  are  emanating  from  within  the  shear  layer, 
^jpaiently  due  to  the  presence  (interference)  of  the  large¬ 
sse  structures  within  the  supersonic  outer  flow. 

Although  the  stmetures  generally  appear  small 
relative  to  the  base  height,  they  are  large  in  the  sense 
that  they  possess  a  spatial  extent  of  the  order  of  the 
local  shear  layer  thickness.  It  is  believed  that  the 
vigorous  expansion  of  the  Mach  2.0  boundary  layer 
may  act  as  a  filter,  damping  out  the  instabilities  that 
lead  to  vortex  formation  (Narasimha  and  Viswanath, 
1975;  Dussauge  and  Gaviglio,  1987;  Herrin  and  Dutton, 
1994c).  It  is  important  to  note  that  for  base  flows,  the 
intrasion  of  these  large-scale  structures  into  the 
recirculation  region  introduces  an  additional  mechanism 
for  entrainment  and  mixing.  Entrainment  in  the  shear 
layers  just  aft  of  the  body  ultimately  determines  the 
amount  of  recompression  that  can  be  supported  by  the 
flow  and,  hence,  the  base  pressure  (Crocco  and  Lees, 
1952). 

The  large-scale  structures  remain  fairly 
consistent  in  size  and  shape  during  recompression 
(Fig.  30,  View  C),  but  appear  to  bloom  immediately 
after  reattachment  (approximately  1.4  base-heights 
downstream  of  the  base),  where  large  sweeping  motions 
into  the  wake  are  evident.  Figure  31,  View  D  shows 
the  complex  flow  stmeture  at  reattachment  consisting  of 
large-scale  organized  motions,  shock  structures,  and 
entrainment/mixing  processes.  It  is  clear  that  nascent 
structures  formed  immediately  following  separation  do 
survive  the  recompression  and  reattachment  processes 
intact.  From  these  large  views,  it  is  difficult  to 
characterize  what  effects,  if  any,  the  transition  from  a 
zero  pressure  gradient  region  to  an  adverse  pressure 
gradient  region  has  on  the  structures.  This  topic  wUl  be 
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the  focus  of  future  efforts.  The  absence  of  condensed 
ethanol  downstream  of  the  reattachment  point  in  Fig. 

31  also  cleariy  indicates  that  base  fluid  is  being  pumped 
into  the  wake. 

An  image  of  the  downstream  wake 
development  is  presented  in  Fig.  32,  View  E. 
Dominant  organized  motions  are  clearly  evident,  usually 
with  small-scale  structures  residing  on  the  large-scale 
structures.  The  diversity  of  the  structures  is  evident  in 
their  size,  shtqie,  and  orientation.  For  example,  in  the 
lower  shear  layer  of  Fig.  32,  the  structures  appear  to  be 
fairly  disorganized,  while  in  the  upper  shear  layer,  the 
structures  appear  to  be  periodically  spaced  with  an 
inclination  of  approximately  SO  degrees  to  the  slip 
plane.  The  eddies  also  appear  to  be  quite  elliptical  in 
shape,  which  is  characteristic  of  structures  contained 
within  highly  compressible  shear  layers  (Messersmith, 
1992). 

In  both  the  upstream  and  downstream  shear 
layer  views,  B  and  C  (Figs.  29  and  30),  weak  shocks 
originating  in  the  shear  layer  are  observed.  Prior  to 
recompression,  these  shocks  were  confirmed  to  be  Mach 
waves  through  angular  measurements.  Approaching 
reattachment,  however,  the  shocks  grow  in  strength 
becoming  rather  intense,  ultimately  coalescing  into  the 
main  recompression  shocks.  Closer  examination 
reveals  that  Ae  individual  shocks  usually  originate  at 
the  same  relative  location  on  their  respective  large-scale 
eddy.  Figure  33,  View  F  is  a  magnified  view  of  Fig. 

32  at  a  position  immediately  after  reattachment. 
Several  shocks  are  evident,  which  coalesce  to  form  the 
bounding  wake  recompression  shock.  A  shock  of  non- 
uniform  strength  can  clearly  be  seen  originating  at  the 
left-most  structure's  pinnacle  normal  to  the  eddy  and 
then  rapidly  becoming  oblique  to  the  flow.  These 
observations  are  indicative  of  the  eddy  shocklets 
discussed  by  Dimotakis  (1991).  These  eddy  shocklets 
have  been  predicted  for  highly  compressible  flows  based 
on  two-dimensional  considerations,  but  thought  not  to 
exist  due  to  three-dimensional  relief  effects.  Closer 
examination  of  the  eddy  shock  generation  mechanisms 
is  warranted. 

The  overall  goal  of  this  study  is  to  document 
the  spatial  evolution  of  organized  motions  within  the 
near-wake  interaction  region  of  supersonic  planar  base 
flows,  and  what  effects  these  structures  have  (»i  mixing, 
entrainment,  and  flowfield  dynamics.  The  diverse  fluid 
dynamic  regions  inherent  to  this  class  of  flows  provide 
the  opportunity  to  investigate  the  structural 
characteristics  of  the  large-scale  eddies  over  a  broad 
range  of  conditions.  Future  efforts  will  concentrate  on 
obtaining  statistical  characterization  of  the  eddies’  size, 
shape,  and  orientation,  as  well  as  convection  velocity 
via  double-pulsed  Mie  scattering  techniques. 


SUMMARY  AND  CONCLUSIONS 

High-speed  base  flows  contain  a  number  of 
fluid  dynamic  mechanisms  that  make  their  accurate 
prediction  difficult.  While  recent  RANS  computations 
have  shown  improved  agreement  with  measured  base 
pressure  distributions,  many  aspects  of  the  near-wake 
mean  velocity  and  turbulence  fields  are  potffly  predicted. 
Improved  turbulence  modeling  spears  to  be  the  critical 
issue  that  must  be  addressed  in  this  regard. 

For  supersonic  base  flows  the  shear  layers  are 
clearly  key  components  of  the  near-wake  flow,  as  they 
govern  the  mass,  momentum,  and  energy  exchange 
between  the  inviscid  freestream  and  the  recirculating 
flow.  The  measurements  presented  here  demonstrate 
that  these  shear  layers  are  highly  compressible  so  that 
the  large-scale  turbulence  structure  is  three-dimensional 
in  nature.  The  shear  layer  turbulence  field  is  also  quite 
anisotropic  with  the  streamwise  normal  stress  dominant 
in  comparison  to  the  other  components.  The  base 
comer  separation  process,  both  in  terms  of  the  inlet 
conditions  to  separation  and  the  strength  of  the 
expansion,  has  ^n  shown  to  be  critical  to  the 
development  of  the  near-wake  flow.  In  fact,  a  majority 
of  the  shear  layer  growth  and  turbulence  production 
occurs  at  the  inner  edge  of  the  shear  layer  near 
separation  where  several  components  of  the  Reynolds 
stress  tensor  are  also  substantially  amplified. 
Turbulence  organization  in  the  shear  layer  immediately 
after  separation  is  also  increased  compared  to  the 
upstream  boundary  layn,  which  is  consistent  with  the 
observation  of  large  turbulent  structures  immediately 
aiter  separation.  Boattailing  reduces  the  boundary  layer 
turbulence  at  sq)aration,  resulting  in  reduced  turbulence 
throughout  the  near-wake  and,  therefore,  reduced  shear 
layer  ^trainment  and  increased  base  pressure.  Not  only 
are  large-scale  turbulent  structures  visualized 
immediately  after  sqparation,  but  they  appear  to  be  even 
more  dominant  in  the  latter  portions  of  the  shear  layer 
and  especially  at  reattachment  and  into  the  developing 
wake.  The  introduction  of  base  bleed  has  also  been 
shown  to  increase  base  pressure  by  altering  the  near¬ 
wake  mean  velocity  and  turbulence  fields.  The 
optimum  base  pressure  occurs  at  a  bleed  flowrate  such 
that  the  centerline  recirculation  region  nearly  vanishes. 

For  subsonic  base  flows  the  near-wake  mean 
velocity  field  is  similar  to  that  for  the  supersonic  case, 
but  the  instantaneous  wake  structure  is  that  of  a  vortex 
street.  Therefore,  this  vortex  structure  must  be 
manipulated  in  order  to  increase  base  pressure.  The  PIV 
study  summarized  here  has  shown  that  a  base  cavity 
causes  expansion  of  vortices  across  the  near-wake,  with 
an  accompanying  small  reduction  in  strength,  but  with 
little  change  in  the  vortex  formation  location.  Thus, 
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the  base  pressure  is  increased  primarily  because  the 
cavity  allows  the  base  surface  to  be  displaced  upstream 
to  a  location  away  firom  the  low  pressure  vortices. 
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Fig.  6  Reynolds  Normal  Stress  Profiles  Near  the  Base  Comer: 
(a)  Streamwise  -  (Cu/Uj)^,  (b)  Transverse  -  (Cv/UO^ 
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Fig.  7  Shear  Stress  Quadrant  Decomposition  Near  the  Base 
Comer:  (a)  Approach  Boundary  Layer,  (b)  Immediately 
Downstream  of  Separation 


Fig.  8  Peak  Reynolds  Normal  Stress  Distributions  in  Shear 


Fig.  9  Boattail  Pressure  Distribution 


Fig.  10  Stream  wise  RMS  Velocity  Fluctuation  Profiles  Along 
the  Boattail 


Fig.  1 1  Mean  Axial  Velocity  Along  Centerline:  Comparison 
Between  Cylindrical  and  Boattailed  Afterbodies 


Fig.  12  Turbulent  Kinetic  Energy  Contours,  for  Boattailed  Afterbody 
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Fig.  18  Radial  Turbulence  Intensities  Along  the  Centerline 
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Fig.  19  Turbulent  Kinetic  Energy  Distributions  Along  the 
Centerline 
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Fig.  21  Two-Dimensional  Transonic  Base  Flow  Facility 
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Fig.  22  M^=0.6  Blunt  Base  Vorticity  Plot  with  Velocity  Vector  Overlay 
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Fig.  23  RMS  Vorticity  Plots  Indicating  Shear  Layers:  (a)  M^=0.4  Blunt  Base;  (b)  M^=0.4  Base  Cavity;  (c)  M^=0.6  Blunt  Base; 

(d)  M^=0.6  Base  Cavity 
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Fig.  24  Instantaneous  Flow  Structure  Comparison:  (a)  M^=0.6  Blunt  Base  Velocity  Vectors; 

(b)  M^=0.6  Base  Cavity  Velocity  Vectors;  (c)  M^=0.6  Blunt  Base  Vorticity;  (d)  M^=0.6  Base  Cavity  Vorticity 
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Fig.  25  Physical  Arrangement  and  Test  Section  Internals  of  Planar  Base  Flow  Wind  Tunnel 


Fig.  26  Mie  Scattering  Image  Acquisition  System 
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Fig.  30  Mie  Scattering  Image  of  Upper  Shear  Layer  During  Fig.  32  Mie  Scattering  Image  of  Wake  Region  (View  E) 

Recompression  Prior  to  Reattachment  (View  C) 


Fig.  31  Mie  Scattering  Image  of  Shear  Layers  at  Reattachment 
(View  D) 
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ABSTRACT 

The  reattachment  of  a  supersonic,  axisymmetric 
shear  layer  downstream  of  a  blunt  based  afterbody  is 
studied.  Of  primary  interest  are  the  effects  of  the  "extra" 
strain  rates,  such  as  bulk  compression,  concave  streamline 
curvature,  and  lateral  streamline  convergence  associated 
with  shear  layer  reattachment,  on  the  structure  of  the 
turbulence  field.  Experimental  turbulence  data  obtained 
throughout  the  reattachment  region  with  a  two-component 
laser  Doppler  velocimeter  are  presented.  In  general,  the 
compliant  boundary  reattachment  process  is  shown  to  be 
different  in  character  compared  to  the  solid  wall  case. 
Most  notably,  significant  reductions  in  the  Reynolds 
stresses  occur  through  the  reattachment  region  due  to  the 
dominating  effect  of  lateral  streamline  convergence  as  the 
flow  approaches  the  axis.  Similar  to  the  solid  wall  case, 
however,  a  reduction  in  the  mean  turbulent  transport 
toward  the  axis  in  the  reattachment  region  was  found, 
which  suggests  a  radial  containment  of  the  large  scale 
eddies  near  the  axis  of  symmetry.  The  reattachment 
process  was  also  seen  to  have  profound  effects  on  the  large 
scale  structures  in  the  shear  layer  primarily  through 
reduced  structural  organization  as  indicated  by  the 
instantaneous  velocity  fluctuations. 

INTRODUCTION 

The  reattachment  process  of  a  compressible  free 
shear  layer  impinging  on  a  solid  or  compliant  surface 
occurs  in  many  practical  fluid  dynamic  systems  including 
wing  trailing  edges,  axial  flow  combustors,  sting- 
supported  wind  tuimel  models,  and  supersonic  jets.  In  the 
solid  boundary  case,  the  reattachment  point  has 
importance  because  of  the  increased  pressure  loads  and  heat 
transfer  rates  that  occur  due  to  the  interaction  between  the 
shear  layer  and  the  surface.  In  fact,  the  local  thermal  loads 
near  reattachment  in  axial  flow  combustors  can  often 
dictate  the  design  of  the  entire  system.  Understanding  the 
compliant  boundary  reattachment  problem  is  also 
important,  especially  in  the  case  of  conventional  anti¬ 
armor  projectiles  which  contain  multiple  bodies  separated 
and  aligned  along  a  common  axis  (Hohler  and  Stilp, 
1990),  In  this  case,  each  body  except  the  first  is 
immersed  in  the  wake  of  the  prior  body  and  is  generally 
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located  downstream  of  the  previous  body's  wake 
reattachment  point  Obviously,  in  this  case  understanding 
the  flow  physics  in  the  reattachment  zone  is  essential  in 
deOning  the  approach  conditions  to  the  following  bodies. 

The  shear  layer  reattachment  problem  is  also  a 
critical  part  of  the  multi-component  m^eling  of  missile 
and  projectile  afterbody  flowfields  (Korst,  1956).  Still  a 
practical  design  tool,  the  success  of  multi-component 
modeling  intimately  depends  on  the  accurate  prediction  of 
the  reattachment  process  downstream  of  the  body.  A 
typical  flowfield  downstream  of  a  supersonic, 
axisymmetric  projectile  is  sketched  in  Fig.  1  where  the 
reattachment  zone  is  that  region  contained  within  the 
dashed  lines.  Notice  that  the  shear  layer  reattachment 
process  contains  many  complicating  fluid  dynamic 
features  such  as  an  adverse  pressure  gradient,  streamline 
curvature,  flow  reversal,  and  fluid  interactions  across  the 
axis  of  symmetry.  In  multi-component  analyses,  the 
reattachment  model  dictates  the  amount  of  mass  returned 
to  the  base  due  to  the  adverse  pressure  gradient  and, 
therefore,  directly  affects  the  base  pressure.  Most  models 
use  the  dividing  streamline  concept  which  locates  the 
streamline  within  the  shear  layer  that  eventually  intersects 
the  rear  stagnation  point  (reattachment  point)  on  the  axis 
of  symmetry. 

Although  the  general  features  of  reattaching 
compressible  shear  layers  have  been  documented  in  the 
solid  wall  case  over  the  past  three  decades,  relatively 
limited  data  are  available  in  the  compliant  boundary  case, 
especially  detailed  experimental  data  on  the  structure  of  the 
turbulence  field  near  reattachment  It  is  now  commonly 
known  that  compressibility  plays  a  signiHcant  role  in  the 
development  of  high-speed  free  shear  layers,  but  how  it 
affects  the  reattachment  process  is  still  l^gely  unknown. 
In  addition,  the  fundamental  differences  in  the  reattachment 
process  between  solid  and  compliant  boundaries  have  not 
been  firmly  established  in  either  supersonic  or  subsonic 
flows. 

The  shear  layer  reattachment  problem  also  has 
fundamental  interest  Eaton  and  Johnston  (1981)  present  a 
thorough  review  of  previous  work  in  the  subsonic,  solid 
wall  case  where  a  signiHcant  amount  of  experimental  data 
exists.  In  general,  the  Reynolds  stresses  in  the  shear  layer 
were  found  to  decrease  through  the  reattachment  zone 
although  the  physical  mechanisms  associated  with  this 
trend  could  not  be  frrmly  established.  In  contrast,  data 
from  the  supersonic,  solid  wall  case  indicate  that  the 
Reynolds  stresses  increase  through  reattachment  with  peak 


values  occurring  slightly  downstream  of  the  mean 
reattachment  point  (Hayakawa  et  al.,  1984;  Samimy  et 
al.,  1986;  Abu-Hijleh  and  Samimy,  1989).  Recent  work 
(Shen  et  al.,  1993)  has  indicated  that  the  turbulent 
fluctuations  in  the  reattachment  region  can  directly  affect 
the  recompression  shock  system  and,  in  general,  large 
scale  dynamical  motions  of  the  shock  system  can  result. 
Obviously,  this  finding  is  only  applicable  to  supersonic 
shear  layer  reattachment  where  flow  recompression  occurs 
through  a  series  of  compression  waves.  Other  differences 
between  the  subsonic  and  supersonic  cases  can  be 
attributed,  at  least  in  part,  to  compressibility  effects 
associated  with  the  shear  layer  development  and  also  the 
reattachment  process.  Consequently,  it  is  apparent  that 
the  relatively  large  volume  of  subsonic,  solid  wall 
reattachment  data  can  only  provide  qualitative  insight  into 
the  supersonic,  compliant  boundary  reattachment  problem. 

Although  a  limited  amount  of  work  has  been 
done  on  the  solid  wall  reattachment  problem,  the 
supersonic,  compliant  boundary  case  has  received  even 
less  attention.  Samimy  and  Addy  (1986)  invesdgated  the 
interaction  of  two  compressible  shear  layers  formed 
downstream  of  a  two-dimensional,  thick  base  with  laser 
Doppler  velocimetry  (LDV).  Although  a  relatively  sparse 
data  set  was  obtained  in  the  reattachment  region,  the 
authors  suggested  that  significant  structural  differences 
exist  between  the  turbulence  fields  in  supersonic  and 
subsonic  reattaching  flows.  Most  notably,  the  transverse 
turbulence  diffusion  mechanisms  in  the  reattachment  zone 
were  shown  to  differ  significantly  as  evidenced  by  large 
changes  in  the  turbulent  triple  products  <u'u'v’>  and 
<v’v’v'>.  In  a  similar  study,  Amatucci  et  al.  (1992) 
recently  confirmed  several  of  these  earlier  findings  while 
documenting  the  Reynolds  stresses  and  turbulent  triple 
products  in  the  reattachment  zone  between  a  pair  of  planar 
shear  layers.  The  Reynolds  stresses  pe^ed  slightly 
downstream  of  reattachment  with  significant  differences 
occurring  between  the  two  shear  layers  in  the  transverse 
normal  stress  and  primary  shear  stress. 

The  primary  objective  of  the  present  paper  is  to 
investigate  the  turbulence  structure  of  an  axisymmetric, 
supersonic  shear  layer  undergoing  compliant  boundary 
leattachment  as  shown  in  Fig.  1.  Detailed  experimental 
turbulence  data  obtained  with  LDV  will  be  presented,  and 
the  effect  of  the  reattachment  process  on  the  Reynolds 
stress  magnitudes  and  the  structural  characteristics  of  the 
turbulence  field  will  be  ascertained.  In  conjunction  with 
other  recent  experimental  data  (Smith  and  Dutton,  1995), 
physical  mechanisms  associated  with  the  observed  changes 
in  the  turbulence  properties  through  reattachment  will  be 
postulated.  An  additional  objective  of  the  present  paper  is 
to  compare  the  results  obtained  in  the  current  compliant 
boundary  case  with  those  obtained  previously  in  solid  wall 
reattachment  studies.  Comparing  and  contrasting  the  data 
from  the  compliant  and  solid  boundary  cases  will  provide 
new  insight  to  analytical  modelers  of  afterbody  flowfields 
who  often  utilize  data  obtained  with  the  backstep 


geometry  (solid  wall  case)  in  their  modeling  of  the 
compliant  boundaiy  reattachment  process. 

EXPERIMENTAL  APPARATUS 
AND  PROCEDURE 

The  experiments  for  the  current  study  were 
conducted  in  the  axisymmetric  base  flow  facility  at  the 
University  of  Illinois  Gas  Dynamics  Laboratory.  This 
facility  is  a  blowdown-type  wind  tunnel  specifically 
designed  for  axisymmetric  afteibody  models  and  contains 
features  to  ensure  axisymmetric  flow  by  proper  centering 
of  the  model.  In  addition,  methods  to  eliminate 
interference  waves  from  intersecting  the  near-wake 
flowfield  downstream  of  the  blunt  based  body  were 
utilized.  A  detailed  description  of  the  facility  is  given  by 
Herrin  (1993).  The  model  used  for  the  current  study  was  a 
blunt  based,  axisymmetric,  boattailed  afterbody  with  a 
base  radius,  Rb,  of  28.97  mm.  The  Mach  and  unit 
Reynolds  numbers  of  the  freestream  flow  near  the  onset  of 
the  reattachment  region  were  2.72  and  43  (10^)  per  meter, 
respectively.  The  general  characteristics  of  the  entire  base 
flowfield  have  been  presented  elsewhere  (Herrin  and 
Dutton,  1994);  in  this  paper,  emphasis  is  placed  on  the 
reattachment  region  from  immediately  upstream  of  the 
first  recompression  wave  to  the  developing  wake  further 
downstream  (outlined  region  in  Fig.  1).  The  onset  of  the 
adverse  pressure  gradient  associated  with  reattachment  was 
estimated  from  the  sidewall  pressure  data  of  Amatucci  et 
al.  (1992)  to  occur  near  x/xr  =  0.72  where  x  is  the  axial 
distance  downstream  of  the  base  plane  and  xr  is  the 
reattachment  length  (xr  =  89  mm).  At  this  location,  the 
mean  velocity  profile  in  the  shear  layer  is  independent  of 
axial  position  (i.e.,  self-similar  in  the  mean  sense), 
although  the  Reynolds  stresses  are  still  in  the  late  stages 
of  development  (Herrin  and  Dutton,  1994).  In  addition, 
the  shear  layer  10%-90%  velocity  thickness  (b)  at  the 
onset  of  recompression  is  approximately  11.3  mm. 
Throughout  this  paper,  the  mean  velocity  in  the 
fireestream  approaching  the  recompression  region  (Uref  = 
S92.S  m/s)  will  be  used  for  non-dimensionalization. 
Significant  compressibility  effects  are  expected,  as  the 
convective  Mach  number  of  the  shear  layer  takes  a  value 
of  approximately  1.3. 

The  primary  diagnostic  tool  used  in  the 
experiments  was  a  two-component  LDV  with  frequency 
shifting  that  is  ctq)able  of  measuring  the  high  turbulence 
intensity  levels  and  reversed  velocities  in  the  reattachment 
region  of  the  flow.  A  detailed  discussion  of  the  LDV 
system  and  its  implementation  in  supersonic,  separated 
flows  has  been  given  by  Herrin  (1993).  The  measurement 
volume  diameter  and  length  were  approximately  120  pm 
and  700  pm,  respectively,  which  provided  adequate 
resolution  to  avoid  significant  spatial  averaging  effects  in 
the  data.  The  scattering  media  used  in  this  investigation 
were  silicone  oil  droplets  with  a  mean  diameter  of 
approximately  0.8  pm  (Bloomberg,  1989).  A  particle  lag 
error  analysis  using  the  results  of  Samimy  and  Lele 
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(1991)  predicts  a  worst-case  root-mean-square  slip  velocity 
of  less  than  2%  in  the  region  of  interest.  An  error 
analysis  of  the  LDV  data  reduction  procedure  estimates  a 
maximum  uncertainty  in  the  mean  velocity  of  less  than 
1%  of  Uref  and  in  the  RMS  velocity  fluctuation  of  less 
than  2%  of  Uref. 

The  LDV  data  were  obtained  along  twenty  radial 
traverses  throughout  the  reattachment  region  in  both  the 
vertical  and  horizontal  planes  intersecting  the  axis  of 
symmetry.  This  two-plane  approach  allowed  direct 
measurement  of  three  mean  velocities  (U,  V,  W),  three 
kinematic  Reynolds  normal  stresses  Gw^),  and 

two  kinematic  Reynolds  shear  stresses  (<u’v'>,  <u'w'>) 
throughout  the  reattachment  region.  All  data  presented  in 
the  present  paper  are  referenced  to  the  wind  tunnel 
coordinate  system  where  the  mean  axial  velocity  (U)  is 
aligned  with  the  axis  of  symmetry.  At  each  spatial 
location,  approximately  4000  velocity  samples  were 
obtained  to  ensure  minimal  statistical  uncertainty.  The 
ensemble-averaged  data  were  corrected  for  velocity  bias 
using  the  interarrival  time  weighting  method  (Herrin  and 
Dutton,  1993);  no  correction  for  fringe  blindness  was 
implemented.  For  all  data  presented  herein,  at  least  one 
profile  upstream  of  reattachment  (near  x/xr  =  0.56)  will 
be  shown  to  document  the  shear  layer  properties  prior  to 
the  onset  of  the  recompression  process. 

RESULTS 

The  primary  results  of  this  investigation  will 
now  be  presented.  In  the  first  section,  the  development  of 
the  kinematic  Reynolds  stresses  through  reattachment  will 
be  described  and  compared  to  previous  compliant  and  solid 
boundary  data.  In  two  following  sections,  the  velocity 
triple  products  and  primary  turbulence  structure  parameters 
(e.g.,  shear  stress  correlation  coefficient,  Ruv)  will  be 
investigated.  Finally,  a  quadrant  decomposition  analysis 
of  the  turbulence  data  will  be  presented  that  will  provide 
additional  insight  into  the  effects  of  the  reattachment 
process  on  the  compressible  turbulence  field. 

Reynolds  Stress  Development 

As  discussed  earlier,  the  reattachment  effects  on 
the  primary  Reynolds  stresses  appear  to  be  dependent  on 
the  flow  speed  regime  (subsonic  or  supersonic)  and  the 
centerline  boundary  condition  (compliant  or  solid 
boundary).  In  the  subsonic,  solid  wall  case,  Chandrsuda 
and  Bradshaw  (1981)  show  marked  decreases  in  the 
longitudinal  normal  stress  and  shear  stress  through  the 
reattachment  region  with  the  transverse  normal  stress 
maintaining  a  relatively  constant  value  throughout  the 
initial  stages  of  reattachment.  In  contrast,  the  supersonic, 
solid  wall  data  of  Hayakawa  et  al.  (1984)  and  Samimy  et 
al.  (1986)  both  show  peak  Reynolds  stresses  occurring 
downstream  of  the  reattachment  point  The  relatively 
sparse  data  available  in  the  supersonic,  compliant 
boundary  case  suggest  that  the  Reynolds  stresses  peak  at 


the  reattachment  point  (Samimy  and  Addy,  1986; 
Amatucci  et  al.,  1992). 

The  development  of  the  axial  and  radial  Reynolds 
normal  stresses  through  the  reattachment  region  of  the 
present  work  is  shown  in  Hgs.  2  and  3,  respectively.  The 
approximate  location  of  the  onset  of  the  adverse  pressure 
gradient  is  labeled  on  the  abscissa  as  xp,  and  the  scale  for 
the  plotted  variable  is  shown  at  the  upper  left  of  the 
figure.  The  strong  peak  in  the  axial  normal  stress  shown 
upstream  of  reattachment  is  indicative  of  compressible  free 
shear  layers.  The  location  of  the  peak  coincides  roughly 
with  the  inflection  point  in  the  mean  velocity  proflle 
which  is  ^proximately  centered  between  the  edges  of  the 
shear  layer.  As  the  shear  layer  enters  the  recompression 
region,  the  Reynolds  stress  profiled  begin  to  broaden  due 
to  turbulence  diffusion  mechanisms  and  the  increased 
turbulence  activity  along  the  centerline  from  the  shear 
layer  interaction.  Near  reattachment,  the  centerline  axial 
and  radial  Reynolds  stresses  both  reach  local  maxima 
which,  along  with  the  decreasing  peak  values  away  from 
the  axis,  appears  as  an  overall  broadening  of  the  Reynolds 
stress  profiles.  Downstream  of  the  reattachment  point, 
the  strong  Reynolds  stress  peaks  present  in  the  shear  layer 
prior  to  the  adverse  pressure  gradient  have  all  but 
disappeared  in  favor  of  a  more  radially  uniform  turbulence 
field  of  reduced  magnitude.  Of  course,  it  is  expected  that 
the  change  in  flow  regime  from  shear  layer  to  wake  will 
result  in  lower  downstream  turbulence  levels  since  the 
wake  does  not  contain  the  relatively  large  mean  shear  rates 
present  in  the  approaching  shear  layer.  In  addition  to  the 
axial  and  radial  Reynolds  normal  stresses,  the  tangential 
normal  stress  was  also  measured  experimentally  and  found 
to  closely  follow  the  radial  Reynolds  stress  trends 
discussed  above. 

The  development  of  the  primary  Reynolds  shear 
stress  (<u  V>)  through  the  reattachment  region  is  shown 
in  Fig.  4  and  is  found  to  be  somewhat  more  dramatic  than 
the  normal  stresses.  Upstream  of  reattachment,  the  shear 
stress  profile  is  similar  to  that  shown  previously  for  the 
axial  normal  stress,  except  along  the  centerline  where  the 
shear  stress  vanishes  by  symmetry.  The  shear  stress 
profile  is  seen  to  maintain  its  strong-peaked  appearance  iq) 
to  the  reattachment  point.  However,  immediately 
downstream  of  reattachment,  a  significant  change  in  the 
shear  stress  profile  occurs;  namely,  the  profile  transitions 
to  a  more  rounded  tqtpearance  and  the  magnitude  is  greatly 
reduced  from  that  near  reattachment  At  the  last  axi^ 
station  shown,  the  wake  shear  stress  distribution  is  far 
different,  in  magnitude  and  shape,  than  that  in  the  ^ear 
layer  approaching  reattachment  In  addition,  the  decrease 
in  the  peak  shear  stress  magnitude  prior  to  the 
reattachment  point  in  the  present  case  can  be  contrasted  to 
both  the  supersonic,  solid  wall  case  and  the  supersonic, 
compliant  boundary  case  measured  in  two-dimensional 
flows.  More  discussion  as  to  this  comparison  and  the 
possible  physical  mechanisms  involved  will  be  given 
below. 
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In  addition  to  the  Reynolds  stress  profiles  shown 
in  the  previous  figures,  it  is  also  instructive  to  plot  the 
peak  Reynolds  stress  magnitudes  as  a  function  of  axial 
distance  through  the  reattachment  region.  Fig.  5.  By 
doing  this,  it  becomes  apparent  that  the  reattachment 
process  can  be  divided  into  three  regions:  a  region 
upstream  of  the  adverse  pressure  gradient  (x/xr  <  0.72),  a 
central  region  between  the  start  of  recompression  and  the 
reattachment  point  (0.72  <  x/xr  <  1.0),  and  a  post¬ 
reattachment  region  (x/xr  >  1.0).  As  previously 
mentioned,  the  region  upstream  of  the  onset  of  the  adverse 
pressure  gradient  (x  <  xp)  is  characterized  by  a 
compressible,  axisymmetric  shear  layer  developing  at 
essentially  constant  pressure  with  strong  Reynolds  stress 
peaks  that  are  slowly  evolving  with  downstream  distance. 

At  the  onset  of  the  adverse  pressure  gradient 
associated  with  reattachment,  it  is  apparent  that  the  peak 
Reynolds  stresses  are  affected,  although  the  magnitude  of 
the  effect  varies  considerably  among  the  different  Reynolds 
stress  components.  The  axial  normal  stress  and  primary 
shear  stress  are  both  attenuated  in  this  region  while  the 
radial  and  tangential  normal  stresses  actually  increase 
modestly.  To  explain  these  different  trends,  one  must 
consider  the  many  competing  fluid  dynamic  effects  that 
occur  in  the  reattachment  region,  including  the  bulk 
compression  associated  with  adverse  pressure  gradients, 
destabilizing  concave  streamline  curvature,  lateral 
streamline  conveigence  as  the  flow  tqiproaches  the  axis  of 
symmetry,  and  the  shear  layer  interaction  occurring  across 
the  centerline.  The  effects  of  bulk  compression, 
sfreamline  curvature,  and  lateral  convergence  have  been 
studied  in  detail  for  attached,  subsonic,  turbulent  boundary 
layers  (Bradshaw,  1974;  Smits  et  al.,  1979a,  i979b)  and 
are  generally  classified  as  "extra"  rates  of  strain  in  addition 
to  the  strain  rate  of  simple  shear,  9U/3r.  Although  the 
present  flowfield  is  somewhat  more  complicated  than  the 
boundary  layer  flow  for  which  the  "extra"  strain  rate 
effects  were  determined,  the  fluid  dynamic  effects  on  the 
Reynolds  stresses  of  the  present  flow  are  known,  at  the 
very  least,  as  to  their  direction.  Consequently,  bulk 
compression  and  concave  streamline  curvature  should  act 
to  destabilize  (increase)  the  Reynolds  stresses  in  the 
reattaching  shear  layer  while  lateral  streamline 
convergence  should  stabilize  (decrease)  the  Reynolds  stress 
magnitudes.  Unfortunately,  the  combined  effect  of  these 
three  extra  strain  rates  cannot  be  determined  by  a  simple 
summation  of  their  relative  magnitudes  (Smits  and  Wood, 
1985).  The  observed  decreases  in  the  axial  normal  stress 
and  primary  shear  stress  at  the  onset  of  reattachment, 
consequently,  indicate  the  overwhelming  influence  of  the 
lateral  streamline  convergence  when  compared  to  the 
effects  of  bulk  compression  and  concave  streamline 
curvature.  Since  the  turbulence  field  interacts  with  the 
mean  flow  primarily  through  the  streamwise  normal 
stress,  the  slight  increase  in  the  radial  and  tangential 
normal  stresses  in  the  initial  reattachment  region  is  a 
result  of  the  relatively  long  time  scales  associated  with 


turbulence  energy  transfer  among  the  components  when 
compared  to  that  between  the  mean  flow  and  the  axial 
normal  stress.  In  fact,  downstream  of  the  reattachment 
point  (x/xR  >  1.0)  all  of  the  Reynolds  stress  components 
experience  decays  to  lower  values  in  the  developing  wake. 

By  considering  the  "extra"  strain  rates  described 
above,  it  is  now  possible  to  offer  plausible  explanations 
for  the  observed  trends  in  the  present  data.  At  the  start  of 
the  recompression  region,  the  peak  Reynolds  stress 
regions  of  the  shear  layer  are  sufliciently  far  from  the  axis 
of  symmetry  that  the  shear  layer  interaction  effects  are 
most  likely  small  (this  is  obvious  from  the  Reynolds 
stress  profiles  shown  in  Figs.  2-4);  therefore,  the  observed 
decrease  in  the  axial  normal  stress  and  primary  shear  stress 
in  this  region  are  primarily  a  result  of  the  stabilizing 
effects  of  lateral  streamline  convergence.  As  the  shear 
layer  approaches  the  axis  of  symmetry,  the  lateral 
streamline  convergence  effect  increases  approximately 
with  the  inverse  of  the  radial  coordinate  (Smits  et  al., 
1979b),  and  the  shear  layer  interaction  along  the  centerline 
begins  to  affect  the  Reynolds  stress  profiles  resulting 
primarily  in  an  increase  in  the  centerline  normal  stresses. 
Since  the  peak  turbulence  region  lies  away  from  the 
centerline,  the  peak  Reynolds  stress  magnitudes  continue 
to  decay  through  the  reattachment  point  due  to  the 
streamline  convergence  effect.  In  two-dimensional 
compliant  boundary  reattachment,  lateral  convergence 
effects  are  negligible  so  that  the  observed  increase  in  the 
Reynolds  stresses  up  to  the  reattachment  point  (Samimy 
and  Addy,  1986;  Amatucci  et  al.,  1992)  can  be  explained 
by  the  overall  destabilizing  effects  of  streamline  curvature 
and  bulk  compression.  Immediately  downstream  of 
reattachment  in  the  present  case,  the  shear  layer 
realignment  process  is  gradually  completed  and  the  "exU^" 
strain  rates  associated  with  bulk  compression,  streamline 
curvature,  and  lateral  convergence  vanish.  Consequently, 
the  Reynolds  stresses  decay  to  lower  values  that  are 
indicative  of  the  decreasing  shear  rates  present  in  wake 
flows  relative  to  those  in  compressible  shear  layers. 

Velocity  Triple  Products 

In  addition  to  the  Reynolds  stresses,  the  velocity 
triple  products  provide  information  on  the  transport  of 
turbulence  energy  throughout  the  reattachment  region.  It 
is  well  understood  that  the  primary  contribution  to  the 
triple  products  comes  from  large  scale  turbulent  structures 
which,  in  the  present  flowfield,  enter  the  reattachment 
region  from  the  compressible  shear  layer.  Figures  6  and  7 
show  the  effect  of  the  reattachment  process  on  two  triple 
products  of  interest,  <u’u'v'>  and  <uVv’>,  respectively. 
In  a  planar  mixing  layer,  the  triple  products  are  roughly 
antisymmetrical  about  the  mixing  layer  centerline 
(Chandrsuda  and  Bradshaw,  1981;  Goebel,  1990),  and  the 
same  approximate  behavior  is  shown  upstream  of  the 
reattachment  zone  in  Figs.  6  and  7.  In  general,  negative 
values  of  <u'u'v'>  (Fig.  6)  imply  that,  on  average,  eddies 
with  large  streamwise  velocity  fluctuations  move  towards 
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the  centerline,  away  from  the  region  of  maximum 
Reynolds  stress,  and  vice  versa  for  positive  values.  As 
the  shear  layer  approaches  the  reattachment  point,  the 
magnitude  of  the  large  negative  <u'u'v'>  peak  at  the  inner 
edge  is  rapidly  attenuated  while  the  large  positive  peak  at 
the  outside  edge  of  the  shear  layer  broadens  somewhat  but 
maintains  a  relatively  large  magnitude.  This  trend 
suggests  a  containment  of  the  large  scale  eddies  at  the 
centerline  due  to  the  axisymmetric  nature  of  the  flow  and 
is  similar  to  that  observed  in  subsonic,  solid  wall 
reattachment  studies  (e.g.,  Chandrsuda  and  Bradshaw, 
1981).  In  other  words,  movement  of  the  large  scale 
structures  toward  or  across  the  axis  of  symmetry  is 
confined  near  the  axis  of  symmetry.  In  previous  two- 
dimensional,  supersonic,  compliant  boundary  studies 
(Samimy  and  Addy,  1986;  Amatucci,  1990),  the  large 
negative  peak  near  the  inside  edge  of  the  shear  layer 
persisted  far  downstream  of  the  reattachment  point. 
Consequently,  it  is  apparent  that  the  axisymmetric  nature 
of  the  present  flow  has  a  significant  impact  on  the  nature 
of  the  turbulence  field  near  the  centerline  where  streamline 
convergence  and  transverse  curvature  effects  are  largest 
Downstream  of  the  reattachment  point  in  Fig.  6,  an 
overall  decay  in  <u'u'v’>  is  shown  as  the  wake  develops. 

The  effect  of  the  reattachment  process  on  the 
stream  wise  transport  of  the  radial  normal  stress,  as 
indicated  by  <u'v'v'>,  is  shown  in  Fig.  7.  In  contrast  to 
the  radial  transport  of  turbulence  energy  shown  in  Fig.  6, 
the  eddy  containment  near  the  axis  of  symmetry  has  a 
limited  effect  on  the  streamwise  transport  shown  in  Fig. 
7.  In  fact,  the  initial  antisymmetrical  profile  prior  to 
recompression  is  approximately  maintained  to  the 
reattachment  point,  alAough  it  is  somewhat  broadened  due 
to  turbulence  diffusion  and  shifted  toward  the  centerline  as 
the  shear  layer  undergoes  realignment.  Since  flow 
symmetry  about  the  axis  is  primarily  a  constraint  on  the 
mean  radial  velocity  (i.e.,  V  =  0  on  the  centerline),  and 
not  on  the  mean  axial  velocity,  it  is  not  surprising  that 
the  radial  transport  of  turbulence  energy  is  more  strongly 
affected  near  the  axis  of  symmetry.  This  suggests  that  the 
large  scale  structures  that  enter  the  recompression  region 
change  orientation  as  they  approach  reattachment  due  to 
streamline  curvature  and  centerline  confinement  effects 
and,  subsequently,  begin  to  lose  coherency  as  the  wake 
develops.  This  is  not  to  suggest  that  large  scale  structures 
are  absent  downstream  of  reattachment,  but  rather  that  the 
organization  of  the  structures  has  diminished  through  the 
reattachment  zone.  Evidence  of  this  has  been  given  by 
Smith  and  Dutton  (1995)  who  obtained  planar  Mie 
scattering  images  near  the  reattachment  point  in  the  two- 
dimensional  supersonic  base  flowfield  used  previously  in 
the  study  by  Amatucci  et  al.  (1992).  The  images  show 
quite  clearly  the  presence  of  large  scale  turbulent  structures 
throughout  the  reattachment  region  and  in  the  downstream 
wake.  However,  statistical  image  processing  analyses 
indicate  a  loss  in  coherence  of  the  structures  through 
reattachment  similar  to  that  postulated  for  the  present 


flow.  It  is  important  to  keep  in  mind  that  the  turbulence 
field  in  the  current  axisymmetric  flow  is  significantly 
attenuated  by  the  reattachment  process  in  contrast  to  the 
two-dimensional  case,  so  it  is  reasonable  to  expect  that 
the  loss  of  eddy  organization  noted  by  Smith  and  Dutton 
(1995)  is  magnified  in  the  current  case. 

In  addition  to  the  data  shown  in  Figs.  6  and  7, 
several  other  velocity  triple  products  were  calculated  from 
the  experimental  data.  These  include  <u’u’u'>,  <v’v'v’>, 
<u’u'w'>,  <u'w'w'>,  and  <w'w’w'>.  In  this  case,  w’ 
represents  an  instantaneous  velocity  fluctuation  in  the 
tangential  (swirl)  direction.  As  expected,  the  tangential 
transport  of  turbulence  energy  (as  indicated  by  <u'u'w'> 
and  <w'w'w')  was  negligible  compared  to  the  axial  and 
radial  transport  terms.  In  addition,  the  streamwise 
transport  of  the  axial  (<u'u'u'>)  and  tangential  (<u'w'w’>) 
normal  stresses  follows  closely  the  trends  for  the 
corresponding  radial  normal  stress  (<u'v'v'>)  shown  in 
Fig.  7,  although  the  radial  and  tangential  component 
magnitudes  are  reduced  by  a  factor  of  approximately  three 
relative  to  the  axial  component  Finally,  the  radial 
transport  of  the  radial  normal  stress  (<v'v'v'>)  is  similar 
to  the  corresponding  axial  normal  stress  transport 
(<u'u'v'>)  shown  in  Fig.  6  except  that  the  magnitudes  are 
reduced  by  about  a  factor  of  two. 

Tuibulence  Structure  Parameters 

To  this  point,  the  turbulence  field  throughout  the 
reattachment  region  has  been  discussed  in  terms  of  the 
overall  changes  in  the  Reynolds  stress  and  triple  product 
magnitudes.  Since  the  flowfield  undergoes  a  change  in 
type  through  reattachment  (firom  shear  layer  to  wake),  one 
would  expect  significant  changes  in  these  turbulence 
quantities.  It  is  also  instructive  from  a  fundamental 
standpoint,  and  more  important  in  some  respects,  to 
investigate  the  structural  changes  in  the  turbulence  field 
brought  on  by  the  application  of  the  "extra"  strain  rates  in 
the  reattachment  zone.  Many  questions  exist  about  the 
turbulence  structure  in  highly  compressible  shear  layers 
and  the  response  to  complicating  features  such  as  pressure 
gradient,  streamline  curvature,  etc.  For  example,  how  is 
the  overall  turbulence  energy  distributed  between  the 
normal  stresses?  How  quickly  does  the  shear  stress 
respond  to  these  effects  compared  to  the  normal  stresses? 
How  are  the  Reynolds  stress  distributions  different  from 
incompressible  flow? 

Perhaps  the  most  instructive  parameter  to 
investigate  is  the  anisotropy  of  the  Reynolds  normal 
stresses.  In  the  present  case,  a  primary-to-secondary  stress 
ratio,  (Ou/ay)^,  and  a  secondary-to-secondary  stress  ratio, 
(Ow/tTy)^,  are  utilized  to  show  the  respective  distributions 
of  the  Reynolds  normal  stress  field.  Figure  8  shows  the 
development  of  these  normal  stress  ratios  determined  at 
the  peak  shear  stress  location  in  the  reattaching  shear 
layer.  Clearly,  this  figure  reinforces  the  dominance  of  the 
axial  normal  stress  indicated  earlier  in  conjunction  with 
Fig.  5.  It  is  apparent  that  the  initial  stages  of  the 
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reattachment  process  have  a  significant  impact  on  the 
relative  distribution  of  the  normal  stresses  with  a  rapid 
decay  in  (Ou/Ov)^  occurring  up  to  the  reattachment  point 
Downstream  of  reattachment,  the  relative  normal  stress 
distributions  appear  to  have  reached  an  equilibrium  state 
with  only  small  variations  as  the  wake  develops. 
Throughout  the  reattachment  region,  the  secondary-to- 
secondary  stress  ratio,  (awMv)^.  maintains  an 
approximately  constant  value  of  unity  suggesting  little 
difference  in  the  turbulence  energy  redistribution 
mechanisms  (e.g.,  pressure-strain)  in  these  components. 
In  the  two-dimensional  case  (Amatucci  et  al.,  1992),  the 
primary-to-secondary  normal  stress  ratio  is  relatively 
constant  up  to  and  even  downstream  of  the  reattachment 
point  and  takes  a  value  (Cu/Cv)^  “  6,  which  is 
significantly  larger  than  the  values  shown  in  Fig.  8  for 
the  present  flow.  This  again  illustrates  the  significant 
differences  that  exist  in  the  turbulence  field  between  two- 
dimensional  and  axisymmetric  flows  in  the  reattachment 
zone. 


For  attached  subsonic  flows,  it  has  been 
suggested  by  Bradshaw  (1973)  and  others  that  the  primary 
turbulence  structure  parameters  do  not  respond 
immediately  to  the  application  of  "extra"  strain  rates. 
Similarly,  the  response  of  the  turbulence  structure 
parameters  will  not  be  instantaneous  to  the  removal  of  the 
"extra"  strain  rates.  Figure  8  suggests  quite  a  different 
picture  in  the  present  flow.  In  fact,  at  the  onset  of  the 
adverse  pressure  gradient,  the  primary-to-secondary  normal 
stress  ratio  is  already  decaying  to  lower  levels.  At  or 
slightly  downstream  of  reattachment,  the  "extra"  strain 
rates  associated  with  streamline  curvature,  bulk 
compression,  and  streamline  convergence  are  greatly 
diminished  (i.e.,  realignment  is  almost  complete)  and  the 
effect  on  the  normal  stress  ratios  shown  in  Fig.  8  is  an 
asymptotic  approach  to  constant  values  in  the  downstream 
wake.  Consequently,  the  direct  impact  of  the  "extra" 
strain  rates  on  the  normal  stress  ratio,  (au/cTv)^.  is 
immediate,  which  may  be  an  indication  of  an  even 
stronger  coupling  between  the  strain  rates  and  the 
turbulence  field  in  compressible  flows  than  those 
ascertained  previously  for  incompressible  flowfields. 

In  addition  to  the  distribution  of  the  turbulence 
energy  among  the  normal  stresses,  turbulence  models 
oftentimes  use  a  ratio  of  shear  stress  to  normal  stress  for 
Reynolds  stress  closure.  Distributions  of  two  popular 
ratios,  -<u’v'>/k  and  Ruv.  are  shown  in  Fig.  9  where  k  is 
the  turbulent  kinetic  energy  defined  by  the  following 
relation; 


k  = 


a^  +  <7^  +  ai 
2 


(1) 


and  Ruv  is  the  shear  stress  correlation  coefficient  defined 
by: 


= 


-<u  V  > 


(2) 


It  is  apparent  from  Hg.  9  that  the  reattachment  process 
has  a  greater  impact  on  the  Reynolds  shear  stress  than  it 
does  on  the  normal  stresses  as  both  ratios  decay 
monotonically  throughout  the  reattachment  zone.  Similar 
to  the  normal  stress  distributions  of  Fig.  8,  the  effects  of 
the  "extra"  strain  rates  are  felt  immediately  at  the  onset  of 
recompression.  In  contrast,  however,  the  shear  stress-to- 
normal  stress  ratios  shown  in  Fig.  9  continue  to  decrease 
beyond  reattachment  and  do  not  appear  to  be  approaching 
an  equilibrium  state  at  the  last  measurement  station 
shown.  The  magnitude  of  the  shear  stress-to-turbulent 
kinetic  energy  ratio  -<u'v'>/k  is,  in  general,  larger  than 
but  approaching  the  "typical"  value  of  0.3  first  suggested 
by  Harsha  and  Lee  (1970)  and  still  commonly  used  in 
turbulent  flow  calculations.  Similarly,  the  shear  stress 
correlation  coefficient  Ruv  is  larger  than,  but  approaching 
the  typical  range  of  0.4-0.5  for  this  parameter.  The  decay 
in  Ruv  is  another  indication  of  the  loss  in  organization  of 
the  large  scale  turbulence  structures  through  the 
reattachment  region.  Planar  Mie  scattering  photographs 
in  the  reattachment  region  of  the  present  flow,  similar  to 
those  obtained  by  Smith  and  Dutton  (1995)  in  the  two- 
dimensional  case,  would  be  valuable  in  determining  the 
role  of  large  scale  structures  in  the  axisymmetric 
reattachment  process. 

Quadrant  Decomposition  Analysis 

Additional  insight  into  the  structure  of  the 
turbulence  field  in  the  reattachment  region  can  be  gained 
by  examining  the  instantaneous  velocity  fluctuations  with 
the  quadrant  decomposition  technique.  The  quadrant 
analysis  method  has  been  commonly  used  in  boundary 
layer  flows  (Wallace  et  al.,  1972;  Willmarth  and  Lu, 
1972;  Lu  and  Willmarth,  1973)  to  determine  the  frequency 
and  strength  of  dynamic  boundary  layer  events  such  as 
eddy  ejections  and  sweeps.  Herrin  and  Dutton  (1995)  have 
recently  applied  this  technique  to  the  initial  stages  of 
compressible  shear  layer  development  in  the  present 
fiowfield  and  have  found  it  to  be  useful  in  identifying  the 
orientation  and  qualitative  organization  of  the  large  scale, 
energy-containing  eddies.  In  the  current  section,  a  brief 
overview  of  the  quadrant  decomposition  analysis  technique 
will  be  presented,  followed  by  the  results  of  its 
application  to  the  turbulence  data  in  the  present 
reattachment  region. 

The  quadrant  analysis  technique  utilizes 
ensembles  of  instantaneous  velocity  data  and  first 
computes  the  velocity  fluctuations  (u',v'),  which  are 
simply  the  arithmetic  differences  between  the 
instantaneous  velocities  and  the  mean  velocities  for  each 
ensemble.  The  resulting  ensemble  of  velocity 
fluctuations  is  then  sorted  sequentially  by  placing  each 
fluctuation  into  a  quadrant  on  a  (u',v’)  scatter  plot  (see 
Herrin  and  Dutton,  1995).  For  example,  a  velocity 
fluctuation  obtained  from  a  slower  moving  (u*  <  0), 
upward  oriented  (v’  >  0)  fluid  element  would  be 
categorized  as  a  "quadrant  two"  event  which,  hereafter,  will 
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be  labeled  Q2.  Conversely,  a  faster  moving  (u’  >  0) 
downward  oriented  (v'  <  0)  fluid  element  would  be  labeled 
a  Q4  event  By  investigating  the  probabilities  of  velocity 
fluctuations  occurring  in  each  quadrant,  one  can 
qualitatively  identify  the  relative  importance  of  each  type 
of  dynamic  event  After  sorting  the  velocity  fluctuation 
data  into  quadrants,  it  is  also  possible  to  determine  the 
quadrant  contributions  to  the  total  shear  stress  <u'v'>  by 
averaging  the  instantaneous  (uV)  products  in  each 
quadrant  Quadrants  2  and  4  will  provide  negative  shear 
stress  contributions  while  positive  contributions  will 
come  from  quadrants  1  and  3;  the  arithmetic  sum  of  all 
four  quadrants  will  equal  the  total  shear  stress,  <u’v'>, 
which  is  the  quantity  shown  in  Fig.  4. 

In  an  attempt  to  better  understand  the 
organization  (coherency)  of  the  large  scale,  energy- 
containing  eddies  in  the  reattachment  region,  an 
instantaneous  shear  angle,  'P,  is  defined: 

'P  =  tan-1  (v'/u*)  (3) 

As  this  equation  indicates,  the  shear  angle  is  essentially 
the  angle  between  the  fluctuating  velocity  vector  and  the 
axial  direction  (assuming  the  swirl  component  of  velocity 
is  negligible).  At  each  spatial  location  where  LDV  data 
were  obtained,  an  ensemble  of  shear  angles  {'Pi)  is 
determined.  From  this  ensemble,  discrete  probability 
density  functions  (pdfs)  can  be  generated  which  indicate 
the  relative  probability  of  falling  within  a  range  of 
angles,  <  4',  <  'Pi  +  AS',  where  A'P  is  the  bin 
width  of  the  pdf  (taken  as  4  degrees  in  the  present  study). 
Figure  10  shows  representative  shear  angle  pdfs  in  the 
reattachment  region  of  the  present  flow.  Note  that  the 
shear  angles  in  Fig.  10  are  restricted  to  -90*  <  'Pj  <  90*  to 
more  clearly  document  pdfs  with  the  limited  size  of  each 
ensemble  (i.e.,  ensembles  much  larger  than  the  present 
4000  realizations  would  be  needed  to  obtain  smooth  pdfs 
over  the  entire  360  degree  range).  In  the  shear  layer 
upstream  of  reattachment  (Fig.  10a),  a  well  defined  peak 
in  the  shear  angle  pdf  is  shown,  which  indicates  a 
consistent  orientation  for  the  velocity  fluctuations  about 
the  mean  flow.  This  organization  in  the  shear  layer 
turbulence  field  is  consistent  with  previous  observations 
of  large  scale  turbulent  structures  in  compressible  shear 
layers,  and  is  similar  to  that  found  in  the  present  flowfield 
near  the  shear  layer  origin  (Herrin  and  Dutton,  1995). 
Note  that  the  overwhelming  majority  of  the  velocity 
fluctuations  yield  negative  shear  angles  which  is  indicative 
of  Q2  and  Q4  events.  Through  the  reattachment  region, 
the  organization  of  the  turbulence  field  diminishes  as 
indicated  by  the  pdfs  at  the  reattachment  point  (Fig.  10b) 
and  downstream  of  reattachment  (Fig.  10c).  Although, 
the  shape  of  the  pdf  at  the  last  measurement  station  still 
resembles  that  upstream  of  recompression,  the  dominance 
of  the  peak  at  negative  angles  is  no  longer  as  strong. 
This  behavior  is  consistent  with  the  previous  observation 
of  significant  reductions  in  the  shear  stress  magnitude  and 


correlation  coefficient  through  the  reattachment  region  as 
indicated  in  Figs.  5  and  9,  respectively.  Clearly,  the  large 
scale  structures  present  at  the  onset  of  recompression  can 
negotiate  the  adverse  pressure  gradient  associated  with 
reattachment,  but  as  a  whole  they  lose  strength  and 
organization  in  the  process. 

Due  to  space  limitations,  pdfs  at  only  three 
spatial  locations  for  the  reattaching  shear  layer  are  shown 
in  Fig.  10  (the  radial  locations  correspond  to  those  of  peak 
shear  stress  for  each  axial  location).  Shear  angle  pdfs  were 
also  computed  for  several  other  locations  in  the  shear  layer 
along  radial  traverses  at  the  same  axial  stations  as  the  data 
in  Fig.  10.  By  assuming  that  the  overall  degree  of 
turbulence  organization  at  any  location  is  proportional  to 
the  peak  value  of  the  pdf,  it  is  possible  to  make  a  two- 
dimensional  comparison  (axial  and  radial)  of  the  overall 
effect  of  the  reattachment  process  on  the  turbulence 
structure.  Figure  11  makes  such  a  comparison  between 
the  data  upstream  of  reattachment  (x/xr  =  0.56)  and  that 
obtained  downstream  of  reattachment  (x/xr  =  1.46). 
Radial  profiles  of  the  peak  probability  (in  percent)  of  the 
pdf  at  each  station  are  shown  for  each  axial  station.  In 
addition,  the  radial  location  of  the  local  maximum  total 
shear  stress  <u’v'>  is  also  indicated  for  each  profile.  By 
comparing  the  two  profiles  in  Fig.  11,  it  is  apparent  that 
the  turbulence  field  upstream  of  reattachment  is  more 
organized  over  a  large  portion  of  the  shear  layer  than  that 
in  the  developing  wake.  Note  that  in  the  shear  layer,  the 
probability  profile  forms  a  definite  peak  similar  to  that 
shown  in  Fig.  4  for  the  approach  shear  stress  profile  and, 
as  expected,  is  a  maximum  near  the  peak  shear  stress 
location.  Not  only  is  the  probability  profile  downstream 
of  the  reattachment  region  of  smaller  magnitude  than  the 
peak  levels  in  the  upstream  shear  layer,  but  the  peak 
probability  also  decreases  in  magnitude  as  the  axis  of 
symmetry  is  approached.  Although  somewhat 
inconclusive,  due  to  limited  data,  it  appears  that  the  peak 
probabilities  occur  at  radial  distances  beyond  the  peak 
shear  stress  location  in  the  wake.  The  physical  reasoning 
for  this  observation  is  not  clear,  although  it  suggests  that 
the  large  scale  structures  present  in  the  wake  flow, 
although  weakened  and  less  organized  as  a  result  of  the 
reattachment  process,  are  still  present  across  a  majority  of 
the  wake  and  play  an  important  role  in  its  subsequent 
development  Of  course,  as  the  mean  shear  rate  (3U/9r) 
decays  with  downstream  distance,  one  would  expect  the 
large  scale  structures  to  continually  weaken. 

The  shear  angle  analysis  presented  above 
considers  only  the  angular  orientation  of  the  velocity 
fluctuations  and,  therefore,  no  information  about  the 
sU'ength  (magnitude)  of  the  fluctuations  at  different  stages 
in  the  reattachment  process  is  provided.  For  this  reason,  a 
conditional  quadrant  sorting  technique  (sometimes  referred 
to  as  a  hole  analysis)  is  utilized  here  to  provide  detailed 
information  about  the  dynamic  events  that  contribute 
most  to  the  total  shear  stress  magnitude.  In  this 
technique,  the  magnitude  of  the  instantaneous  product 
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(uV)  is  compared  to  a  preset  threshold  and  subsequently 
sorted  into  a  particular  class  of  events.  The  sorting 
algorithm  can  be  symbolically  represented  as  follows: 

if  lu’v’l  <  H  l<u'v’>l  hole  (4) 

if  lu'v’l  >  H  l<u’v'>l  ^  Ql,  Q2,  Q3,  or  Q4 


which  indicates  that  (uV)  realizations  are  placed  in  their 
respective  quadrants  if  their  magnitude  exceeds  the 
threshold,  otherwise  they  are  placed  in  a  fifth  category 
called  the  hole  which  contains  all  of  the  "weak”  velocity 
fluctuation  products.  The  threshold  for  this  sorting 
process  is  the  product  of  the  hole  size  (H)  and  the 
magnitude  of  the  total,  ensemble-averaged  shear  stress. 
The  hole  size  is  altered  parametrically  in  the  sorting 
process  in  order  to  determine  which  quadrant  contains  the 
strongest  dynamic  events  in  the  flowfield.  Figure  12  is  a 
sketch  of  the  hole  region  on  a  (u',v')  velocity  fluctuation 
scatter  plot  where  the  H  =  3  threshold  is  essentially  a  line 
of  constant  (uV)  with  a  magnitude  three  times  the  value 
of  the  ensemble-averaged  shear  stress,  <u'v'>.  After 
sorting  each  velocity  realization  according  to  the 
algorithm  in  Eq.  4,  the  categories  are  averaged  (including 
the  hole)  in  order  to  identify  the  quadrant  (and  hole) 
contributions  to  the  total  shear  stress.  The  quadrant 
averages  are  computed  by  the  following  equation: 


<uV’>n 


N.„, 


(5) 


where  (u'v')n  is  a  realization  falling  in  quadrant  n  and  Ntot 
is  the  total  number  of  realizations  in  the  entire  ensemble. 
In  this  manner,  the  sum  of  the  quadrant  and  hole  averages 
will  identically  equal  the  total,  ensemble-averaged  shear 
stress,  <u'v'>. 

Representative  hole  diagrams  upstream  (x/xr  = 
0.56),  at  (x/xR  =  1.01),  and  after  (x/xr  =  1.46) 
reattachment  are  shown  in  Fig.  13  for  data  at  the  local 
peak  shear  stress  radial  location.  Note  that  the 
independent  variable  in  these  diagrams  is  the  hole  size  (H) 
and  the  plotted  variable  is  the  percentage  contribution  of 
each  quadrant  and  the  hole  region  to  the  total  shear  stress. 
The  quadrant  values  for  H  =  0  correspond  to  shear  stress 
contributions  in  the  absence  of  conditional  sorting  (i.e., 
vanishing  hole  region).  Upstream  of  reattachment  (Fig. 
13a),  large  and  approximately  equal  contributions  to  the 
shear  stress  are  indicated  for  Q2  and  Q4  events  with  large 
instantaneous  fluctuations  of  (uV)  up  to  five  times  the 
ensemble-averaged  value  (i.e.,  H  =  5).  Also,  Ql  and  Q3 
events  are  shown  to  contribute  very  litUe  to  the  total  shear 
stress  magnitude.  The  distributions  shown  in  Fig.  13a  are 
very  similar  to  those  shown  previously  (Herrin  and 
Dutton,  1995)  for  the  same  shear  layer  near  its  origin 
(boundary  layer  separation  point).  As  the  shear  layer 
enters  the  reattachment  region,  however,  the  contribution 
from  Q2  events  begins  to  exceed  those  from  Q4  events 
and,  in  fact,  at  the  end  of  reattachment  a  significant 
difference  between  the  Q2  and  Q4  contributions  exists. 


By  comparing  all  three  plots  in  Fig.  13,  it  is  apparent  that 
the  percentage  contributions  from  Q4  events  remain 
relatively  constant  throughout  the  reattachment  process. 
It  has  been  shown  (Fig.  5)  that  the  peak  ensemble- 
averaged  shear  stress  magnitude  decreases  sharply  through 
reattachment  (the  conventionally-averaged  total  shear 
stress  for  the  data  in  Fig.  13c  is  at  least  three  times 
smaller  than  that  in  Fig.  13a).  Therefore,  Fig.  13 
suggests  that  since  the  total  contributions  from  events 
decrease  at  a  rate  nearly  identical  to  that  for  the  total  shear 
stress,  it  is  the  attenuation  of  these  events  that  plays  a 
large  role  in  the  overall  decrease  of  the  Reynolds  shear 
stress  through  reattachment.  In  contrast,  the  shear  stress 
contribution  from  Q2  events  increases  in  percentage  terms 
through  reattachment  which  implies  a  persistence  of  these 
events  throughout  the  reattachment  process.  Notice  that 
in  the  developing  wake  (Fig.  13c),  large  instantaneous  Q2 
fluctuations  over  ten  times  greater  than  the  ensemble- 
averaged  shear  stress  have  been  measured. 

The  obvious  question  that  comes  to  mind  after 
the  preceding  discussion  is  what  exactly  are  instantaneous 
Q2  and  Q4  events  in  the  shear  layer  and  how  are  they 
related  to  the  passage  of  large  scale  turbulent  structures? 
From  the  signs  of  the  velocity  fluctuations,  a  Q4  event 
corresponds  to  a  faster  moving  (u*  >  0),  downward  oriented 
(v*  <  0)  fluid  element  relative  to  the  mean  flow  at  a 
particular  spatial  location.  Considering  the  evolution  of 
large  scale  turbulent  structures,  this  orientation  is 
consistent  with  the  influx  (entrainment)  of  fireestieam  fluid 
into  the  shear  layer  or  wake  as  part  of  a  clockwise  eddy 
rollover  process  in  the  convective  frame  of  reference. 
Conversely,  a  Q2  event  (u*  <  0,  v'  >  0)  could  correspond 
to  the  backside  of  a  "typical"  clockwise  eddy  that  carries 
low  speed,  turbulent  fluid  away  from  the  centerline.  It  is 
understood  that  this  description  of  Q2  and  Q4  events  is 
necessarily  simplistic  due  to  the  complicating  differences 
between  incompressible  planar  mixing  layers  (where  the 
dynamics  of  large  scale  structures  are  better  understood) 
and  the  current  reattaching  shear  layer.  However,  by  using 
these  simplified  descriptions,  it  is  found  that  the  decay  in 
Q4  events  relative  to  Q2  events  through  the  reattachment 
region  is  consistent  with  a  reduction  in  the  entrainment  of 
mass  at  the  outside  edge  of  the  wake.  In  fact,  the  <u'uV> 
triple  product  profiles  in  Fig.  6  confum  the  suspected  loss 
in  the  transport  of  turbulence  energy  toward  the  axis  of 
symmetry  in  the  wake  region  (axisymmetric  containment 
effect),  especially  compared  to  that  in  the  shear  layer 
approaching  reattachment  In  addition,  the  last  axial 
station  shown  in  Fig.  6  indicates  that  the  overwhelming 
majority  of  the  radial  transport  of  turbulence  energy  in  the 
wake  is  away  from  the  axis,  which  is  consistent  with  the 
quadrant  decomposition  analysis  results  discussed  above. 

SUMMARY  AND  CONCLUSIONS 

Experimental  data  on  the  turbulence  structure  of  a 
reattaching  supersonic  axisymmetric  shear  layer  have  been 
presented.  In  contrast  to  the  popular  solid  wall 
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reattachment  problem,  the  present  work  investigates 
reattachment  onto  the  compliant  boundary  (i.e.,  no  solid 
wall)  along  the  axis  of  symmetry.  Detailed  mean  velocity 
and  turbulence  measurements  have  been  made  throughout 
the  reattachment  region  to  document  the  overall  effect  of 
the  many  "extra"  strain  rates  including  bulk  compression, 
concave  streamline  curvature,  and  lateral  streamline 
convergence.  From  these  data,  the  following  conclusions 
can  be  drawn: 

(1)  The  Reynolds  stress  field  throughout  the 
reattachment  zone  is  far  different  than  that  found  in  solid 
wall  reattachment  studies.  In  the  present  case,  immediate 
reductions  in  the  axial  normal  stress  and  primary  shear 
stress  are  discernible  at  the  onset  of  the  adverse  pressure 
gradient  associated  with  reattachment.  Downstream  of  the 
reattachment  point,  all  Reynolds  stresses  decay  as  the 
mean  shear  rate  decreases  with  downstream  distance. 
These  findings  also  indicate  a  significant  difference 
between  axisymmetric  and  two-dimensional  reattachment 
flowfields  apparently  caused  by  the  substantial  effect  of 
lateral  streamline  convergence  near  the  axis  of  symmetry. 

(2)  The  velocity  triple  products  through  the 
reattachment  region  indicate  a  containment  of  large  scale 
eddies  along  the  centerline  similar  to  that  observed  in 
subsonic,  solid  wall  reattachment  studies.  This  results  in 
a  relative  decrease  in  the  transport  of  turbulence  energy 
toward  the  centerline  downstream  of  reattachmenk  The 
reattachment  effect  on  the  streamwise  transport  of 
turbulence  energy  was  minimal  compared  to  the  radial 
component 

(3)  The  axial-to-radial  normal  stress  anisoffopy 
ratio  was  strongly  affected  by  the  initial  stages  of  the 
reattachment  process,  although  shortly  downstream  of 
reattachment,  relatively  constant  values  were  maintained. 
Throughout  reattachment,  the  two  secondary  normal 
stresses  (radial  and  tangential)  maintained  essentially  equal 
magnitudes.  Other  turbulence  structure  parameters 
(<u'v'>/k  and  Ruv)  show  significant  reductions  through 
reattachment  which  suggests  a  loss  of  organization  of  the 
large  scale,  shear  stress-producing  structures. 

(4)  The  results  of  a  quadrant  decomposition 
analysis  of  the  turbulence  data  support  the  notion  of 
decaying  turbulent  structures  through  the  reattachment 
region.  The  overall  organization  of  the  velocity 
fluctuations  is  reduced  in  the  wake  relative  to  that  in  the 
shear  layer  approaching  reattachment.  In  addition,  a 
reduction  in  the  strength  of  Q4  events  (u’  >  0,  v'  <  0) 
suggests  reduced  turbulence  transport  toward  the  axis 
relative  to  that  away  from  the  axis  in  the  developing 
wake,  similar  to  that  observed  in  the  velocity  triple 
product  profiles. 
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Fig.  13  Quadrant  contributions  to  the  total  shear  stress: 
(a)  x/xR  =  0.56,  (b)  x/xr  =  1.01,  (c)  x/xr  =  1.46 
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ABSTRACT 

Two-component  laser  Doppler  velocimetry 
was  used  to  obtain  detailed  mean  velocity  and 
turbulence  measurements  in  the  near-wake  of  a 
cylindrical  afterbody  with  base  bleed  in  a  Mach  2.5 
flow.  The  bleed  flow  provides  at  least  some  of  the  fluid 
required  for  shear  layer  entrainment  and  shields  the 
base  annulus  from  the  outer  shear  layer  and  the  primary 
recirculation  region,  leading  to  an  increase  in  base 
pressure.  There  is  an  overall  reduction  in  turbulence 
levels  throughout  the  base  bleed  flowfields  relative  to 
the  near-wake  flowfields  of  blunt-based  and  boattailed 
afterbodies.  With  increasing  bleed,  the  formation  of  a 
strong  bleed  jet  shear  layer  and  secondary  recirculation 
region  near  the  base  annulus  offsets  the  benefits  of  base 
bleed,  leading  to  a  drop  in  the  base  pressure.  The  net 
benefits  of  base  bleed  are  maximized  at  the  optimum 
bleed  condition,  which  corresponds  to  the  highest  base 
pressure,  the  disappearance  of  the  primary  recirculation 
region,  and  the  lowest  turbulence  levels  in  the  near¬ 
wake  flowfield.  Increased  benefits  from  base  bleed 
could  be  achieved  by  injecting  the  bleed  fluid  at  the 
lowest  possible  velocity  through  the  use  of  larger  bleed 
orifices,  porous  bases,  or  bleed  orifices  located  along 
the  outer  base  annulus. 

NOMENCLATURE 
Ajj  =  base  area,  tcR^ 

I  =  injection  parameter, 

PlUiAb 

k  =  turbulent  kinetic  energy,  m^/s^ 
ihbieed  ^  bleed  mass  flow  rate,  kg/s 
M  Mach  number 

P  =  pressure,  kPa 

r  =  radial  coordinate,  mm 

^jet  =  ble^jet  radius,  mm 

Rq  =  afterbody  radius,  mm 

S  =  stagnation  point  (location  of  U  =  0  along 
the  axis  of  symmetry) 

Tq  =  wind  tunnel  stagnation  temperature,  K 
U  =  mean  axial  velocity,  m/s 

*  Graduate  Research  Assistant,  Student  Member  AIAA. 
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Uj  =  freestream  approach  velocity,  m/s 

u'  =  instantaneous  axial  velocity  fluctuation, 

m/s 

Vj.  =  mean  radial  velocity,  m/s 

Vj.'  =  instantaneous  radial  velocity  fluctuation, 

m/s 

=  mean  tangential  velocity,  m/s 
V{*  =  instantaneous  tangential  velocity 

fluctuation,  m/s 

X  -  =  axial  (streamwise)  position  relative  to  the 

base  plane,  mm 
p  =  density,  kg/w? 

=  axial  Tins  velocity  fluctuation,  m/s 
®Vr  =  radial  rms  velocity  fluctuation,  m/s 

Cy^  =  tangential  rms  velocity  fluctuation,  m/s 

<>  =  ensemble-averaged  value 

Subscripts 
b  =  base 

f  =  forward 

o  =  stagnation  or  afterbody 

r  =  radial  component  or  rear 

t  =  tangential  (swirl)  component 

1  =  freestream  £q}proach  conditions 

INTRODUCTION 

Aerodynamic  vehicles  such  as  missiles, 
rockets,  and  projectiles  suffer  significant  base  drag  due 
to  flow  separation  at  the  base  comer  and  the  formation 
of  a  low-pressure,  low-speed  recirculation  region  near 
the  base.  Due  to  a  lack  of  understanding  of  the  fluid 
dynamic  interactions  occurring  in  the  near-wake  base 
region,  drag-reducing  techniques  such  as  boattailing, 
base  burning,  and  base  bleed  have  traditionally  been 
applied  in  an  empirical  manner  to  improve  flight 
performance.  The  advent  of  laser-based  optical  flow 
diagnostic  techniques  in  recent  years  has  provided  non- 
intrusive  means  to  gain  deeper  insight  into  these 
complex  flowfields.  A  detailed  investigation  of 
supersonic  axisymmetric  base  flows  including  the 
effects  of  afterbody  boattailing  was  completed 
recently,  and  a  study  of  the  effects  of  base  bleed  has 
been  initiated  by  the  present  authors  as  a  logical 
extension.^ 
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Figure  1  is  a  schematic  of  a  blunt  cylindrical 
body  with  base  bleed,  aligned  in  a  supersonic  flow.  The 
supersonic  ffeestream  flow  expands  at  the  base  comer 
and  the  turbulent  boundary  layer  separates  and  forms  a 
free  shear  layer  which  eventually  undergoes 
recompression,  realignment,  and  redevelopment  in  the 
wake  of  the  afterbody.  The  primary  recirculation 
region  (PRR)  is  formed  as  the  fluid  from  the  region 
adjacent  to  the  base  is  entrained  and  accelerated  by  the 
outer  shear  layer  and  subsequently  returned  to  the  base 
region  by  a  recompression  shock  system.  With  base 
bleed,  low-speed  fluid  is  introduced  into  the  base  region 
causing  a  downstream  displacement  of  the  PRR,  and  the 
appearance  of  a  forward  stagnation  point  whose 
location  depends  on  the  relative  strengths  of  the  bleed 
jet  and  the  recirculating  fluid.  The  non-dimensional 
injection  parameter,  I,  defined  as  the  bleed  mass  flow 
rate  normalized  by  the  product  of  the  freestream  mass 
flux  and  base  area,  is  used  to  quantify  the  amount  of 
base  bleed  in  the  current  study,  and  in  most  other 
experimental  studies.  It  should  be  noted  that  unlike  the 
generalized  injection  coefficient,^  the  injection 
parameter  I  does  not  account  for  the  approach  boundary 
layer  thickness  and  the  bleed  flow  momentum,  both  of 
which  have  been  theorized  to  affect  the  base  pressure  in 
a  manner  analogous  to  base  bleed. 

E)y)eriments  performed  by  several 
researchers^"^  to  study  the  effect  of  bleed  mass  flow 
rate  on  the  base  pressure  ratio  C^b^l)  ®^bit  certain 
common  characteristics  and  indicate  three  distinct 
operating  regimes  based  on  the  quantity  of  bleed  fluid 
injected.  At  low  values  of  I  (regime  1),  the  base 
pressure  ratio  increases  fairly  linearly  with  bleed  rate. 
A  peak  in  the  base  pressure  ratio  is  observed  at  an 
intermediate  value  of  I  (near  I  =  0.01  for  air).  Increases 
in  base  pressure  ratio  (relative  to  the  no-bleed  case) 
from  10  to  90%  have  been  reported  for  the  optimum 
bleed  condition,  which  depends  on  factors  such  as  the 
freestream  Mach  number  and  the  size  and  geometry  of 
the  bleed  orifice.  Past  the  optimum  value  (regime  2), 
the  base  pressure  ratio  decreases  with  increasing  bleed 
rate  until  it  reaches  a  relative  minimum.  Further 
increase  in  the  bleed  flow  leads  to  an  increase  in  base 
pressure  ratio  (regime  3)  due  to  the  onset  of  power-on 
flow  conditions. 

Over  the  past  few  decades,  the  effects  on  base 
pressure  ratio  of  other  bleed  parameters  such  as  the 
bleed  jet  exit  area,^*^’®"^®  bleed  gas  molecular 
weight^®’^^  (relative  to  the  freestream  gas),  and  bleed 
gas  temperature^^  have  also  been  investigated.  Key 
results  from  these  investigations  have  been  summarized 
in  Ref.  3.  Most  of  the  above  experimental 
investigations  were  carried  out  prior  to  the  development 
of  reliable  non-intrusive  diagnostic  methods,  and  their 


scope  was  primarily  limited  to  determining  the  global 
influence  of  various  bleed  parameters  on  base  pressure. 
Therefore,  while  the  effectiveness  of  base  bleed  as  a 
drag-reducing  technique  is  well  known,  the  details  of 
the  fluid  dynamic  interactions  caused  by  base  bleed  are 
not  clearly  understood  due  to  a  lack  of  detailed 
flowfield  data. 

Analytical  models  based  on  an  empirical 
component-type  approach'^  have  been  fairly  successful 
in  predicting  the  cmalitative  effects  of  mass  bleed  on 
base  pressure.  One  of  the  drawbacks  of  these 

models  is  that  they  only  represent  the  base  bleed 
flowfield  in  a  time-mean  sense,  and  can  not  account  for 
its  instantaneous  turbulent  nature.  Computations  of  the 
base  bleed  flowfield  using  the  Reynolds-averaged 
Navier-Stokes  equations  have  also  had  some  degree  of 
success  in  predicting  qualitative  base  pressure  trends 
and  in  capturing  flowfield  structure  details.  Numerical 
techniques,  however,  are  currently  limited  by 
turbulence  modeling  issues,  insufficient  grid  resolution, 
and  lack  of  detailed  experimental  data  for  validation.^^ 

As  shown  in  Fig.  2,  preliminary  experiments 
with  base  bleed  by  the  current  authors^  have  confirmed 
the  base  pressure  ratio  variation  with  bleed  mass  flow 
rate  (as  discussed  earlier)  in  regimes  1  and  2,  indicating 
a  peak  base  pressure  ratio  at  an  injection  parameter 
value  of  I  =  0.0148.  The  peak  area-averaged  base 
pressure  ratio  at  this  optimum  bleed  rate  was  18.5% 
higher  than  the  average  base  pressure  ratio  of  a  blunt- 
based  afterbody.  ^  Qualitative  flowfield  features  such  as 
flattening  of  the  shear  layer  angle,  widening  of  the 
wake,  and  weakening  of  the  base  comer  expansion  with 
increasing  bleed  rate  in  regime  1  were  confirmed  using 
schlieren  and  shadowgraph  photography.  Axial 
traverses  along  the  near-wake  centerline  using  two- 
component  laser  Doppler  velocimetry  (LDV)  at  several 
bleed  rates  show  the  PRR  decreasing  in  size  with 
increasing  bleed  rate,  and  nearly  disappearing  at  the 
optimum  bleed  rate.  Peaks  in  the  turbulent  kinetic 
energy  (and  the  individual  axial  and  radial  turbulence 
intensities)  were  observed  at  the  forward  and  rear 
stagnation  point  locations  along  the  centerline,  with  the 
magnitudes  of  the  peaks  decreasing  with  increasing 
bleed  rate. 

The  primary  objectives  of  the  research 
presented  here  are  to  obtain  detailed  mean  velocity  and 
turbulence  field  data  in  the  entire  near-wake  region  of  a 
cylindrical  afterbody  with  base  bleed  in  supersonic 
flow,  and  to  identify  the  dominant  fluid  dynamic 
mechanisms  inherent  in  this  complex  flow.  Since  no 
known  detailed  measurements  of  the  base  bleed 
flowfield  have  been  made  prior  to  these,  the 
measurements  described  here  provide  benchmark  data 
that  will  enhance  the  overall  understanding  of  base  flow 
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phenomena  and  will  also  serve  to  validate  modeling  and 
computational  efforts  in  this  field. 

EXPERIMENTAL  FACILITIES  AND 
PROCEDURES 

The  experiments  described  here  were 
conducted  in  a  supersonic,  blow-down  type  wind  tunnel 
at  the  University  of  Illinois  Gas  Dynamics  Laboratory 
designed  solely  for  the  study  of  axisymmetric  base 
flows.  The  mean  Mach  number  approaching  the 
afterbody  is  2.47,  the  unit  Reynolds  number  is  45  (10^) 
m’^  and  the  ffeestream  turbulence  intensity  is  less  than 
1%.  The  afterbody  model  is  mounted  at  the  end  of  a 
hollow  sting,  which  is  supported  at  two  points  upstream 
of  the  nozzle  entrance  to  avoid  support  disturbances  in 
the  flowfield.  A  detailed  description  of  the  wind  tunnel 
design  is  provided  in  Ref.  23.  The  63.5  mm  diameter 
cylindrical  afterbody  contains  a  0.4  caliber  bleed  orifice 
preceded  by  an  elliptically  contoured  section  to  ensure  a 
uniform  velocity  profile  for  the  bleed  flow  exiting  the 
base.  A  stainless  steel  bleed  line  constructed  with  50.8 
mm  diameter  pipe  sections,  a  contoured  inlet  and 
screen,  an  electronic  flowmeter,  and  valves  facilitates 
conditioning,  measurement,  and  control  of  the  bleed 
flow.  Since  the  base  pressure  is  significantly  sub- 
atmospheric,  ambient  air  is  an  adequate  source  for  the 
bleed  air  supply.  Details  of  the  base  bleed  afterbody 
and  the  bleed  line  design  are  provided  in  Ref.  3. 

The  two-component  LDV  system  used  for  the 
current  experiments  is  identical  to  the  setup  used  in 
earlier  experiments.^  The  measurement  volume 
diameter  and  effective  length  are  120  fim  and  730  pm, 
respectively.  Due  to  the  axisymmetric  nature  of  the 
flowfield,  radial  traverses  in  two  perpendicular  planes 
(vertical  and  horizontal)  passing  through  the  axis  of 
symmetry  were  used  to  measure  the  three  mean  velocity 
components  (U,  and  V^),  the  three  Reynolds  normal 

stresses  (Oy,  Gy^ ,  and  and  two  of  the  three 

Reynolds  shear  stresses  (<u'Vj>  and  <u'Vt*>).  Figure  3 
shows  a  typical  LDV  measurement  grid  consisting  of 
iqjproximately  1200  spatial  locations.  An  error  analysis 
of  the  LDV  measurements^^  has  estimated  the  worst- 
case  uncertainties  in  the  mean  velocity  and  the  rms 
velocity  fluctuations  to  be  1.2%  and  2.3%  of  Uj. 
respectively  (U^  =  574  m/s  in  the  current  experiments). 

RESULTS 

The  experimental  flow  conditions  and 
geometry  are  listed  in  Table  1.  Earlier  experiments^ 
indicate  uniform  flow  conditions  at  the  wind  tunnel 
nozzle  exit  and  at  the  exit  of  the  bleed  jet  at  various 
bleed  rates.  For  the  detailed  measurements  described  in 


this  paper,  three  bleed  flow  rates  with  injection 
parameter  values  of  I  =  0.0038  (case  A),  0.01 13  (case 
B),  and  0.0226  (case  C)  were  selected  to  investigate  the 
entire  near-wake  flowfield  under  low  bleed,  slightly 
sub-optimal  bleed,  and  slightly  post-optimal  bleed 
conditions,  respectively  (see  Fig.  2).  The  optimum 
bleed  rate  was  not  chosen  because  the  near 
disappearance  of  the  PRR  at  this  bleed  rate  (as  indicated 
by  prior  measurements^)  could  make  spatial  resolution 
in  that  part  of  the  flowfield  difficult  The  sub-optimal 
bleed  rates  spanned  by  cases  A  and  B  represent  the 
operating  range  of  most  practical  base  bleed  projectiles. 

It  should  be  noted  that  the  injection  parameter 
values  used  here  are  based  on  the  direct  output  from  the 
electronic  mass  flowmeter,  and  do  not  account  for  the 
following:  (a)  the  carrier  air  with  the  LDV  seed 
particles  in  the  bleed  line,  injected  downstream  of  the 
flowmeter,  adds  an  estimated  I  =  0.0004  to  the 
measured  primary  bleed  flow;  (b)  no  attempt  was  made 
to  correct  for  the  drift  in  the  flowmeter  calibration 
(estimated  to  be  a  maximum  of  10%)  due  to  gradual 
sensor  degradation  over  the  two-year  span  of  the  base 
bleed  experiments.  The  effect  of  this  drift  was 
considered  negligible  because  the  mean  flow  and 
turbulence  data  from  the  centerline  measurements^ 
made  nearly  one  year  previously  were  found  to  be 
virtually  identical  to  the  current  detailed  measurements 
at  r  =  0  for  the  same  injection  parameter  values.  The 
following  sections  briefly  describe  the  key  results 
obtained  fiom  the  near-wake  LDV  measurements. 

Near-Wake  Mean  Velocity  Measurements 

Figure  4  shows  the  mean  velocity  vector  fields 
in  the  near-wake  region  of  the  flo>vfield.  In  this  figure 
and  in  all  subsequent  figures,  the  vertical  scale  has  been 
expanded  by  42%  (relative  to  the  horizontal  scale)  to 
display  the  flowfield  features  clearly.  The  data  from  the 
non-unifoim  measurement  grids  have  been  transformed 
to  uniform  grids  with  resolution  equal  to  the  minimum 
spacings  of  the  corresponding  experimental  grids  in 
each  direction.  The  uniform  grids  are  then  filled  by 
linear  interpolation  between  the  experimental  values 
and  are  subsequently  used  to  generate  the  vector  and 
contour  plots  shown  here. 

The  main  features  of  the  flowfield  [the  turning 
of  the  flow  through  the  base  comer  expansion,  the  PRR 
(cases  A  and  B),  the  bleed  jet,  and  the  secondary 
recirculation  region  (SRR)  between  the  bleed  jet  and  the 
outer  shear  layer  (cases  B  and  C)]  are  clearly  visible  in 
Fig.  4.  The  mean  freestream  flow  angles  downstream 
of  the  base  comer  for  each  case  are  consistent  with  the 
Prandtl-Meyer  turning  angle  based  on  the  measured 
base  pressure  ratio  and  the  approach  freestream  Mach 
number  of  2.47. 
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With  increasing  bleed  flow  the  size  and 
strength  of  the  PRR  (bounded  in  the  axial  direction  by 
the  forward  and  rear  stagnation  points  Sf  and  Sp 
respectively)  decrease  (case  A  to  B)  until  it  finally 
disappears  (case  C)  as  the  bleed  flow  penetrates  the 
outer  shear  layer  reattachment  region.  In  addition,  the 
forward  stagnation  point  is  displaced  progressively 
downstream  of  the  base  plane  and  the  radial  extent  of 
the  forward  portion  of  the  PRR  decreases  (case  A  to  B). 
These  observations  confirm  earlier  predictions  based  on 
near-wake  centerline  measurements^.  With  increasing 
bleed,  the  SRR  near  the  base  annulus  becomes  more 
evident.  Much  of  the  reverse  flow  in  the  PRR  is 
oriented  parallel  to  the  axis  of  symmetry  (cases  A  and 
B).  This  is  in  contrast  to  the  blunt  base  ^  and  boattailed^ 
afterbody  cases  where  much  of  the  recirculating  flow  is 
directed  towards  the  point  of  separation  (the  base 
comer),  similar  to  the  SRR  in  the  current  cases.  The 
downstream  shift  of  the  rear  stagnation  point  locations 
(Sj.  at  x/Rq  =  2.65,  3.08,  and  3.25  for  the  blunt  base,^ 
case  A,  and  case  B,  respectively)  is  consistent  with  the 
increase  in  base  pressure  with  base  bleed. 

The  vector  plots  in  Fig.  4  show  that  the  bleed 
flow  provides  at  least  a  portion  of  the  fluid  required  for 
entrainment  by  the  outer  shear  layer  and  shields  the 
base  annulus  from  the  shear  layer  and  the  PRR, 
resulting  in  increased  base  pressures.  However,  the 
increased  strength  of  the  SRR  near  the  base  annulus  and 
the  increased  entrainment  by  the  inner  bleed  jet  shear 
layer  at  higher  bleed  rates  offsets  the  aforementioned 
benefits.  As  shown  in  Fig.  2,  at  the  low  bleed 
conditions  corresponding  to  case  A,  the  rate  of  pressure 
increase  is  very  high.  As  the  bleed  rate  is  increased,  the 
detrimental  effects  of  the  low  pressure  SRR  and 
entrainment  by  the  inner  shear  layer  become  stronger, 
and  the  rate  of  pressure  rise  decreases.  This  trend 
continues  until  the  optimum  bleed  condition  is  reached 
where  the  maximum  net  benefits  of  base  bleed  are 
achieved.  As  the  bleed  rate  increases  past  the  optimum 
value,  the  base  pressure  starts  decreasing  due  to  the 
overwhelming  influence  of  the  bleed  jet  shear  layer  and 
the  SRR. 

Mean  axial  velocity  contours  are  shown  in  Fig. 
5.  The  rapid  growth  of  the  outer  shear  layer  is  evident 
from  the  divergence  of  the  contour  lines  with 
downstream  distance  fi-om  the  base  comer.  Due  to  the 
presence  of  the  bleed  jet  and  the  accompanying  SRR, 
the  mean  axial  velocity  fields  are  quite  different  from 
the  blunt  base  flowfield.^  In  cases  B  and  C,  the  bleed 
jet  velocity  profiles  remain  uniform  through  a 
significant  axial  extent  downstream  of  the  base  plane. 
The  shear  layer  growth  at  the  outer  bleed  jet  boundary 
with  increasing  bleed  rate  is  also  apparent  in  Fig.  5. 


Contours  of  the  mean  radial  velocity 
component  for  case  B  are  shown  in  Fig.  6.  The  small 
magnimdes  relative  to  the  mean  axial  approach  velocity 
show  the  dominance  of  the  axial  component  in  the  near- 
wake  flovv^ield.  The  base  comer  expansion  fan  appears 
to  be  fairly  well  centered  at  the  base  comer.  Peak 
magnitudes  of  radial  velocity  appear  in  the  ffeestream 
downstream  of  the  expansion  where  the  mean  flow  is 
turned  radially  inward  after  separation.  Positive  values 
of  radial  velocity  appear  between  the  base  plane  and  the 
forward  stagnation  point  where  entrainment  into  the 
outer  shear  layer  causes  a  portion  of  the  bleed  flow  to 
turn  radially  outward  [see  Fig,  4(b)].  Radial  velocity 
contours  for  cases  A  and  C  (not  presented  here  for 
brevity)  arc  similar  to  the  ones  shown  for  case  B.  In 
both  cases  A  and  C,  the  peak  magnitudes  of  inward 
radial  velocity  are  higher  (and  occur  at  locations 
upstream)  relative  to  case  B,  due  to  their  lower  base 
pressures  and  stronger  base  comer  expansions.  In  case 
A,  the  peak  positive  radial  velocities  near  the  base  are 
slightly  larger  in  magnitude  than  case  B,  and  are 
confined  to  the  region  x/Rq  ^  1.5  due  to  the  strong  PRR 
[see  Fig.  4(a)].  Since  the  bleed  flow  penetrates  the 
shear  layer  recompression  region  in  case  C  [see  Fig. 
4(c)],  the  peak  positive  radial  velocities  are  lower  than 
in  case  B,  and  have  a  larger  axial  extent  (approx.  x/Rq  = 
3).  The  tangential  component  of  mean  velocity  was 
also  measured  (for  case  B  only)  and,  as  expected,  the 
magnitudes  of  this  component  were  negligible  due  to 
the  axisymmetric  nature  of  the  flow. 

Near-Wake  Turbulence  Measurements 

The  axial  turbulence  intensity  distribution  in 
the  near-wake  for  case  B  is  shown  in  Fig.  7.  After  the 
base  comer  expansion,  the  axial  turbulence  intensity  in 
the  outer  shear  layer  increases  to  a  global  peak  of 
approximately  =  0.151  at  x/Rq  =  1.37 

downstream  of  the  base  comer.  This  peak  is  smaller  in 
magnitude  and  occurs  at  an  upstream  location  relative 
to  the  maximum  axial  turbulence  intensity  in  the  blunt 
base  flowficld^  (Ou/Uj  =  0.220  at  x/Rq  =  2.20), 
indicating  a  significant  decrease  in  the  outer  shear 
layer's  entrainment  potential  resulting  from  base  bleed. 
It  is  also  evident  from  Table  2  that  the  peak  axial 
turbulence  intensity  at  the  slightly  pre-optimum  case  B 
is  lower  than  in  cases  A  and  C.  Beyond  the  peak 
location,  the  axial  turbulence  intensity  magnitude 
decreases  with  downstream  distance  from  the  base. 
Local  peaks  in  axial  turbulence  intensity  occur  in  the 
SRR,  the  reattachment  region,  and  near  the  forward 
stagnation  point.  The  low  axial  turbulence  intensity 
levels  in  the  exiting  bleed  jet  core  are  also  evident  from 
the  figure.  In  case  C  (not  shown),  the  local  peak  axial 
turbulence  intensity  level  in  the  low-speed  portion  of 
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the  bleed  jet  shear  layer  is  equal  to  the  global  peak 
value  in  the  outer  shear  layer  due  to  the  increased  mean 
jet  shear  at  the  high  bleed  rate. 

Figure  8  shows  the  near-wake  radial 
turbulence  intensity  levels  for  case  B.  Downstream  of 
the  base  comer,  the  radial  turbulence  intensity  increases 
to  a  peak  of  Cy/Ui  =  0.112  at  x/Rq  =  1.35,  the  same 
location  as  for  the  peak  axial  turbulence  intensity.  The 
corresponding  peak  radial  turbulence  intensity 
magnitude  in  the  blunt  base  study  ^  was  found  to  be 
Gy/Ui  =  0.156  at  x/Rq  =  2.20.  The  local  peaks  in 
radial  turbulence  intensity  near  the  forward  and  rear 
stagnation  points-  are  not  particularly  distinct  due  to  the 
dominance  of  flow  mechanisms  in  the  axial  direction  at 
these  points.  Downstream  of  the  peak  levels  in  the 
shear  layer,  the  radial  turbulence  intensity  decays 
through  the  reattachment  region  and  the  developing 
wake.  Once  again.  Table  2  shows  that  the  peak  radial 
turbulence  intensity  at  the  slightly  pre-optimum  case  B 
is  lower  than  in  cases  A  and  C.  The  tangential 
turbulence  intensity  was  also  measured  for  case  B,  and 
the  distribution  (not  shown  for  brevity)  was  found  to  be 
similar  in  magnitude  and  distribution  to  the  radial 
turbulence  intensity  field.  The  relative  ordering  of  the 
turbulence  intensities  (Gy  >Gvr  ~  indicates  the 
level  of  anisotropy  of  the  norm^  stresses  in  the  near- 
wake  base  bleed  flowfield. 

The  turbulent  kinetic  energy  (k)  for  case  B  is 
determined  from  the  measured  Reynolds  normal 
stresses  using  the  relation: 

The  nondimensional  turbulent  kinetic  energy  (k/Uj^) 
distributions  shown  in  Fig.  9  for  all  three  cases  are  quite 
similar  to  the  corresponding  axial  turbulence  intensity 
distributions  which  dominate  the  near-wake  turbulence 
field.  The  low  turbulent  kinetic  energy  (TKE)  levels  in 
the  bleed  jet  and  in  the  redeveloping  flow  downstream 
of  reattachment  are  also  evident  ^m  the  figure.  Due  to 
the  similarity  of  the  radial  and  tangential  normal  stress 
fields  observed  in  case  B  and  in  the  boattail  study  (and, 
to  a  lesser  extent,  in  the  blunt  base  case),  the  tangential 
turbulence  intensity  was  not  measured  for  cases  A  and 
C,  and  the  TKE  for  these  cases  was  estimated  by 
substituting  the.measured  radial  normal  stress  value  for 
the  tangential  term  in  Eq.  (1).  The  estimated  TKE  field 
obtained  by  applying  this  procedure  to  case  B  was 
nearly  identical  to  the  measured  values  shown  in  Fig. 
9(b),  indicating  the  validity  of  the  substitution.  From 
Table  2,  it  can  be  seen  that  the  peak  TKE  levels  in  all  of 
the  bleed  cases  are  lower  than  the  blunt  base  and 
boattail  values.  The  peak  levels  for  case  B  are  the 
lowest  of  all,  indicating  reduced  entrainment  capability 


for  the  outer  shear  layer  at  the  near-optimum  bleed 
condition.  Figure  9(c)  also  shows  that  the  increased 
velocity  and  mean  shear  of  the  bleed  jet  in  the  post¬ 
optimum  case  C  leads  to  high  TKE  levels  in  the  bleed 
jet  shear  layer,  which  in  turn  causes  the  base  pressure  to 
decrease. 

The  primary  axial-radial  Reynolds  shear  stress 
<uVj.'>  shown  in  Fig.  10  exhibits  trends  similar  to  those 
of  the  TKE  with  global  peak  magnitudes  occurring  near 
the  corresponding  peak  TKE  locations,  followed  by  a 
decay  to  lower  levels  in  the  redeveloping  wake.  Once 
again,  as  shown  in  Table  2,  the  peak  magnitudes  for  the 
bleed  cases  are  lower  than  those  found  in  the  blunt  base 
and  boattail  studies.  The  lowest  peak  magnitude  in  the 
outer  shear  layer  is  found  in  case  B,  indicating  highly 
reduced  entrainment  by  the  outer  shear  layer  for  the 
near-optimum  bleed  condition.  The  positive  <u'Vj.‘> 
values  at  the  edge  of  the  bleed  jet  indicate  the  presence 
of  large  turbulent  structures  in  the  shear  layer  formed 
by  the  bleed  jet,  and  their  subsequent  entrainment  of 
fluid  from  the  SRR.  With  increasing  bleed,  the  increase 
in  the  magnitude  of  these  positive  <\x\>  values  and 
their  spatial  extent  is  in  accordance  with  the  increased 
strength  of  the  SRR  and  entrainment  by  the  bleed  jet 
shear  layer,  and  their  detrimental  base  pressure- 
reducing  effects.  The  axial-tangential  Reynolds  shear 
stress  <uV(’>  was  also  measured  for  case  B,  and,  as 
expected,  the  magnitudes  were  negligible  compared  to 
the  primary  shear  stress  for  this  case. 

Based  on  the  above  findings,  in  order  to 
achieve  the  maximum  benefits  of  base  bleed  without  the 
detrimental  side-effects  of  the  strong  bleed  jet  and  SRR, 
the  bleed  mass  should  be  injected  into  the  near-wake  at 
very  low  velocities.  This  is  consistent  with  earlier 
observations  based  on  parametric  global  base  pressure 
measurements  which  suggest  the  use  of  a  larger  bleed 
orifice  relative  to  the  base  area^*^’^"^®  or  a  porous 
base.^  The  formation  of  the  undesirable  secondary 
recirculation  region  could  also  be  avoided  by  locating 
the  bleed  orifice  (holes  or  slots)  along  the  outer  annular 
periphery  of  the  base.  This  configuration  has  been 
found  to  reduce  base  drag  in  the  case  of  axisymmetric 
bodies  in  subsonic  flow^^;  however  no  known 
experiments  with  this  configuration  have  been  reported 
for  the  supersonic  case. 

SUMMARY  AND  CONCLUSIONS 

Detailed  mean  velocity  and  turbulence 
measurements  have  been  obtained  in  the  near- wake  of  a 
cylindrical  afterbody  with  base  bleed  in  a  Mach  2.5 
flow  using  two-component  laser  Doppler  velocimetry. 
The  three  cases  studied  provide  insight  into  the  near¬ 
wake  fluid  dynamic  interactions  produced  by  incipient 
bleed,  slightly  pre-optimal  bleed,  and  slightly  post- 
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optimal  bleed  conditions.  The  bleed  flow  displaces  the 
primary  recirculation  region  downstream  of  the  base 
plane,  and  reduces  its  size  and  strength  by  providing 
most  of  the  fluid  required  for  shear  layer  entrainment. 
The  bleed  fluid  also  shields  the  base  annulus  from  the 
outer  shear  layer  and  the  primary  recirculation  region, 
leading  to  an  increase  in  base  pressure.  There  is  an 
overall  reduction  in  turbulence  levels  throughout  the 
base  bleed  flowfields  relative  to  the  near-wake 
flowfields  of  blunt-based  and  boattailed  afterbodies.  A 
pair  of  secondary  recirculation  regions  is  formed  near 
the  base  annulus  due  to  the  interaction  of  the  bleed  jet 
and  the  outer  shear  layer.  With  increasing  bleed,  the 
increased  strength  of  the  secondary  recirculation  region 
and  bleed  jet  shear  layer  offsets  the  benefits  of  base 
bleed  leading  to  a  drop  in  the  base  pressure.  The  net 
benefits  of  base  bleed  are  maximized  at  the  optimum 
bleed  condition,  which  corresponds  to  the  highest  base 
pressure,  the  disappearance  of  the  primary  recirculation 
region,  and  the  lowest  turbulence  levels  in  the  near- 
wake  flowfield.  The  use  of  larger  bleed  orifices,  porous 
bases,  or  bleed  orifices  located  along  the  outer  base 
annulus  is  suggested  for  maximizing  the  benefits  from 
base  bleed. 
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Table  1  Experimental  flow  conditions  and  geometry 


Tunnel  stagnation  pressure  (P^,) 

Freestream  static  pressure  (Pj) 

Approach  Mach  number  based  on  pressure  data 
Tunnel  stagnation  temperature  (T^) 

Approach  velocity  measured  with  LDV  (Uj) 
Approach  Mach  number  based  on  Tq  &  Uj 

Freestream  unit  Reynolds  number 
Bleed  flow  stagnation  temperature  (Tq 
Base  radius  (Rq) 

Bleed  orifice  radius  (Kjet) 


470.8  kPa±0.4% 
28.76  kPa±  0.4% 
2.47  ±0.1% 

300.4  K±  0.2% 

574  m/s  ±0.3% 
2.45  ±0.4% 

44.88  {106)m-l+0.8% 
293  K  + 0.4% 
31.75  mm 
12.7  nun 


Table  2  Peak  magnitudes  of  turbulence  quantities 


Blunt  Base^ 

Boattail^ 

Base  Bleed 

1  =  0.0038 

Base  Bleed 

1  =  0.0113 

Base  Bleed 

1  =  0.0226 

Ou/Ui 

0.220 

0.203 

0.159 

0.151 

0.179 

av/Ui 

0.156 

0.129 

0.119 

0.112 

0.126 

Cv/Ui 

0.135 

0.133 

1 

0.117 

- 

kAJi^ 

0.0440 

0.0359 

0.0268* 

0.0245 

0.0298* 

<u'v^'>/U|^ 

-0.0190 

-0.0175 

-0.0122 

-0.0106 

-0.0126 

& 

& 

& 

‘ 

0.00208 

0.00367 

0.0119 

*  estimated  using 

=  ®Vr 
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(c)  I  =  0.0226  (estimated  TKE) 


Fig.  9  Turbulent  kinetic  energy  contours  -  k/U 
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ABSTRACT 

Two-component  laser  Doppler  velocimetry 
(LDV)  measurements  were  made  in  a  planar,  two- 
dimensional  flow  containing  an  unsteady  oblique 
shock  wave  formed  by  the  convergence  of  two 
supersonic  streams  past  a  thick  plate.  Wall  pressure 
measurements  have  been  used  to  locate  the  shock 
wave  and  consequently  separate  the  shock  wave 
motion  from  the  turbulence  fluctuations  in  the  LDV 
measurements  of  the  shock-separated  free  shear 
layer.  The  primary  result  of  isolating  the  large-scale 
changes  in  the  position  of  the  shock  from  the 
turbulence  is  a  reduction  in  the  experimental  scatter 
rather  than  significant  changes  in  the  shape  or 
magnitudes  of  the  turbulent  stress  profiles.  The 
overall  effects  of  the  changes  in  shock  position  on  the 
turbulence  were  found  to  be  small  and  do  not 
significantly  change  the  overall  trends  in  the 
turbulence  data.  Velocity  data  were  also  analyzed  to 
determine  the  effect  of  changes  in  the  direction  of 
shock  motion  rather  than  shock  position.  Shock 
motion  direction  was  found  to  have  a  greater  effect 
on  the  turbulence  measurements  than  shock  position. 
Like  changes  in  the  shock  position,  changes  in  the 
direction  of  shock  motion  did  not  significantly 
change  the  mean  velocity.  However,  changes  in  the 
direction  of  the  shock  motion  may  either  increase  or 
decrease  the  turbulent  stresses  depending  on  the 
portion  of  the  shear  layer  in  question. 

INTRODUCTION 

A  supersonic  plume-induced  boundary  layer 
separated  (PIBLS)  flowfield  is  caused  by  the 
interaction  of  the  exhaust  plume  from  an 
underexpanded  jet  with  the  boundary  layer  on  the 
afterbody  surface  of  a  rocket  or  missile.  As  the  flow 
around  the  vehicle  encounters  the  blockage  caused  by 
the  exhaust  plume,  an  oblique  shock  is  formed.  This 
shock  imposes  an  adverse  pressure  gradient  on  the 
afterbody  boundary  layer  and,  if  strong  enough,  will 
cause  separation.  This  separation  process  is  unsteady 
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due  to  the  oscillatory  motion  of  the  shock  wave  in  the 
streamwise  direction.  This  unsteadiness  complicates 
both  prediction  and  measurement  of  PIBLS 
flowfields. 

Although  shock-induced  shear  layer 
formation  in  fiont  of  solid  objects,  such  as  in  unswept 
compression  comer  flows,  has  been  extensively 
investigated,^’^  only  four  studies  of  turbulence  in 
such  flows  exist  to  our  knowledge.^“^  However,  no 
accurate  published  investigations  exist  of  turbulence 
in  a  shock-induced  separation  caused  by  a  second 
fluid  stream.  Also,  current  computational  models  are 
unable  to  accurately  predict  flowfields  containing 
shock-induced  separation,  and  detailed  experimental 
data  are  needed  to  allow  verification  of  improved 
numerical  solutions,  including  improved  turbulence 
models  for  these  flows.^ 

All  four  of  the  previously  mentioned 
turbulence  studies  in  compression  comers  noticed 
shock  wave  unsteadiness  (i.e.,  streamwise 
translation),  but  did  not  use  any  conditional  sampling 
technique  to  isolate  its  effects.  Whether  the  increased 
turbulence  levels  measured  by  the  four  studies  were 
due  to  actual  turbulent  velocity  fluctuations  or  by  the 
shock  wave  unsteadiness  is  unclear.  The  measured 
turbulence  levels  may  be  inaccurate  due  to  the 
motion  of  the  shear  layer  across  the  measurement 
region.  In  a  recent  review,  Dussauge  and  Dupont^ 
conclude  that,  to  date,  no  measurements  exist 
concerning  the  impact  of  shock  motion  on  the 
downstream  level  of  turbulence.  Selig  and  Smits^ 
did,  however,  examine  the  effect  of  periodic  blowing 
(inside  the  separated  region)  on  the  shock  wave 
unsteadiness  in  a  separated  compression  comer  flow. 
Selig  and  Smits  succeeded  in  changing  the  shock 
wave  oscillation  frequency,  but  did  not  observe  any 
difference  in  the  level  of  turbulence  amplification  due 
to  the  presence  of  blowing.  These  investigators 
concluded  that  the  shock  motion  was  not  responsible 
for  the  turbulence  amplification.  Although  Dussauge 
and  Dupont^  cite  Selig  and  Smits*^  study,  they  do  not 
apparently  consider  it  as  conclusive  evidence  of  the 
effect  of  shock  motion  on  turbulence. 

Several  facts  concerning  shock  wave 
unsteadiness  in  compression  comers  are  now  known. 
Erengil  and  Dolling^*  concluded  from  wall 


pressure  measurements  in  compression  comers  that 
the  high-frequency  “jitter”  of  the  shock  wave  position 
is  caused  by  the  convection  of  large-scale  turbulent 
structures  in  the  boundary  layer  through  the 
interaction.  The  low-frequency  (<  1  kHz),  large- 
scale  “sweeps”  of  the  shock  wave  are  most  probably 
caused  by  pressure  fluctuations  inside  the  separation 
bubble.  Erengil  and  Dolling  also  found  that  the 
separation  bubble  “expands  and  contracts  like  a 
balloon.”  This  is  believed  to  correspond  to  pressure 
fluctuations  inside  the  separated  region,  and  may 
cause  the  shock  to  rotate  about  its  foot.  The 
separation  shock  is  followed  by  a  series  of 
compression  waves  and  is  not  simply  a  single  shock 
as  some  previous  researchers  have  suggested.^' ^  * 

Conditional  analysis  has  been  successfully 
used  with  LDV  in  periodic  flows  for  the  past  15 
years,  but  usually  the  flowfield  has  a  single 
predictable  frequency,  such  as  in  turbomachinery 
flows.  For  example,  in  an  internal  combustion 
engine  the  LDV  measurements  can  be  encoded  with 
the  instantaneous  crank  angle  to  allow  conditional 
averages  to  be  formed  from  measurements  taken  at  a 
particular  crank  angle  (i.e.,  cylinder  position).  In  the 
current  study,  however,  the  shock  motion  is  a 
normally  distributed  random  process  with  a  broad 
range  of  frequency  components. 

The  one  previous  study  using  a  similar  type 
of  conditional  analysis  for  a  shock  wave-boundary 
layer  interaction  was  the  study  by  Kussoy  et  al.^^  In 
this  study,  Kussoy  et  al.  used  two-component  LDV  to 
investigate  a  Mach  2.85  flow  past  a  flared  cylinder. 
To  increase  the  three-dimensionality  of  the  flowfield, 
the  flare  was  swept  with  respect  to  the  cylinder  axis. 
The  shock  wave  position  was  determined  using  high¬ 
speed  shadowgraph  movies  and  six  pressure 
transducers  placed  5  mm  apart  along  the  cylinder 
centerline  upstream  of  the  flare.  These  were 
differential  pressure  transducers  using  the 
undisturbed  wall  pressure  upstream  of  the  separation 
shock  wave  as  a  reference  pressure  (as  in  the  current 
study).  Shock  positions  determined  with  the 
shadowgraph  visualizations  and  the  pressure 
transducers  were  well  correlated.  This  indicates  that 
differential  surface  pressure  measurements  can  be 
used  to  accurately  determine  shock  positions. 
Kussoy  et  al.  used  the  following  conditional  analysis 
algorithm  to  divide  the  shock  positions  into  two 
states:  "shock  forward"  and  "shock  back."  The 
shadowgraph  movies  were  first  used  to  determine 
which  transducer  was  beneath  the  mean  shock  wave 
position.  The  velocity  realizations  were  then  sorted 
according  to  the  instantaneous  pressure  level  at  this 
transducer.  Those  with  pressures  greater  than  one 


standard  deviation  above  the  mean  pressure  were 
considered  the  "shock  forward”  data  set.  Those  with 
pressures  less  than  one-half  standard  deviation  below 
the  mean  pressure  were  considered  the  "shock  back" 
data  set.'^ 

The  primary  objective  of  this  study  is  to 
demonstrate  a  technique  to  allow  the  characterization 
of  the  development  of  a  shock-separated  shear  layer 
while  also  isolating  the  effects  of  shock  unsteadiness 
from  the  turbulent  velocity  fluctuations.  To 
demonstrate  this  technique,  conditionally  analyzed 
LDV  measurements  have  been  made  along  the 
spanwise  center  plane  in  a  PIBLS  flowfield  to  obtain 
the  mean  velocity  components  and  normal  stresses  in 
both  the  streamwise  and  transverse  directions  as  well 
as  the  <u'v*>  primary  Reynolds  shear  stress. 

EQUIPMENT 

Wind  Tunnel 

Figure  I  shows  the  blow-down  type 
supersonic  wind  tunnel  used  in  this  study.  The  tunnel 
supply  air  is  provided  by  a  146  m^  tank  farm  which 
is  at  892  kPa  prior  to  each  tunnel  run.  The  tank  farm 
is  connected  to  Ingersoll-Rand  and  Gardner-Denver 
air  compressors  which  provide  0.68  kg/s  at  892  kPa 
and  0.33  kg/s  at  789  kPa  of  dry  air,  respectively. 
This  air  supply  system  provides  a  tunnel  run  time  of 
about  5  minutes  at  the  operating  point  used  for  this 
experiment.  Shaw^^  gives  a  detailed  description  of 
the  tunnel  design  and  testing. 

For  this  study,  absolute  stagnation  pressures 
of  506  kPa  and  251  kPa  are  used  for  the  upper  and 
lower  streams,  respectively.  These  stagnation 
pressures  are  measured  with  pitot  tubes  located  just 
upstream  of  each  converging-diverging  nozzle.  A 
globe  valve  in  the  lower  inlet  pipe  is  used  to  throttle 
the  lower  stream  to  various  stagnation  pressures, 
which  changes  the  static  pressure  ratio  between  the 
two  streams.  An  iron-constantan  thermocouple  is 
used  to  measure  the  plenum  chamber  stagnation 
temperature  during  each  tunnel  run.  Honeycombs 
and  fine  mesh  screens  are  used  in  both  streams  to 
reduce  turbulence  in  the  incoming  flow.  (The  lower 
stream’s  flow  conditioning  module  is  inside  the 
tunnel  and  is  not  shown  in  Figure  1 .) 

Flowfield 

Figure  2  shows  a  schematic  of  the  planar, 
two-dimensional  flowfield  investigated  in  this  study. 
The  flowfield  consists  of  an  upper  Mach  2.5  stream 
(unit  Reynolds  number,  Re=48.9xl0^  m’^)  and  a 
lower  Mach  1.5  stream  (Re=36.2xl0^  m‘^) 
converging  at  a  40  angle  past  a  12.7  mm  high  base 
plane.  The  static  pressure  ratio  of  the  lower  to  the 
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upper  streams  is  P2/P  1=2.27.  The  spanwise  width  of 
the  flowfield  and  the  height  of  the  upper  stream  are 
both  50.8  mm.  Surface  oil  flow  visualization  shows 
that  the  center  32  mm  (63%)  of  the  flowfield  is  free 
from  sidewall  effects  and  is,  consequently,  two- 
dimensional  in  this  region.  The  upper  stream  is 
analogous  to  the  supersonic  freestream  surrounding  a 
rocket  afterbody,  while  the  lower  stream  is  analogous 
to  an  underexpanded  exhaust  plume. 

The  primary  subject  of  this  study  is  the 
behavior  of  the  boundary  layer  (60  =  3  mm)  and 
separated  free  shear  layer  of  the  upper  stream.  This 
boundary  layer  intercepts  the  separation  shock, 
consequently  separates,  and  forms  a  free  shear  layer, 
as  shown  in  Figure  2.  This  shear  layer  then 
reattaches  with  the  shear  layer  formed  by  the 
separation  (at  near  zero  pressure  gradient)  of  the 
boundary  layer  of  the  lower  stream.  These  two  shear 
layers  enclose  a  recirculating  region  behind  the  base, 
and  their  reattachment  generates  a  recompression 
shock  system  and  the  resulting  trailing  wake.  Figure 
3  is  a  shadowgraph  taken  of  the  flowfield  showing 
the  separation  shock,  the  incoming  boundary  layers 
of  both  streams  bordering  the  base,  the  recirculation 
region  behind  the  base  plane,  and  the  developing  free 
shear  layers,  along  with  their  reattachment  and  the 
accompanying  system  of  recompression  shocks.  The 
shadowgraph  shown  in  Figure  3  was  produced  using 
a  25  ns  pulse  from  a  Xenon  model  437B  Nanopulser 
at  a  jet  static  pressure  ratio  of  P2/P  1=2.35  between 
the  two  streams.*^ 

Pressure  Data  Acquisition  System 

The  pressure  data  acquisition  system 
consists  of  two  Kulite  model  XCS-062-15G 
piezoresisiive  differential  pressure  transducers  flush- 
mounted  (in  the  spanwise  center  plane)  along  the 
bottom  wall  of  the  upper  stream.  Figure  2  shows  the 
positions  of  the  two  pressure  transducers  located  at 
19.05  and  16.51  mm  upstream  of  the  base  plane. 
Each  transducer  has  a  full  scale  of  103  kPa,  an  active 
element  diameter  of  1.6  mm,  and  uses  the  static 
pressure  upstream  of  the  separated  region  as  a 
reference  pressure.  This  reference  pressure  is 
measured  through  a  port  in  the  bottom  wall  of  the 
upper  stream  located  65  mm  upstream  of  the  base 
plane.  *** 

The  transducers  are  powered  by  two 
Measurements  Group  Inc.  Model  2311  signal 
conditioning  amplifiers  that  also  provide  an 
adjustable  DC  offset  and  gain  to  the  output  signals. 
The  output  from  each  amplifier  is  routed  through  a 
low  pass,  active  Butterworth  filter  with  a  -3  dB  cutoff 
frequency  of  50  kHz.  This  cutoff  frequency  is  less 


than  any  inherent  frequency  limitations  in  the  rest  of 
the  pressure  acquisition  system. 

Laser  Doppler  Velocimetry  System 

A  schematic  of  the  two-component  LDV 
system,  a  TSI  model  9100-7,  used  for  the  mean 
velocity  and  turbulence  measurements,  is  shown  in 
Figure  4.  The  system  utilizes  the  488  nm  and 
514.5  nm  lines  of  a  5  watt  Spectra-Physics  argon-ion 
laser.  A  40  MHz  shift  is  added  to  one  beam  of  each 
color  to  allow  discrimination  of  negative  velocities 
and  to  minimize  fringe  biasing.  To  further  reduce 
fnnge  biasing  and  fringe  blindness,  the  green  and 
blue  beam  pairs  are  oriented  at  approximately  +45° 
and  -45  ,  respectively,  to  the  mean  flow  direction  of 
the  upper  stream.  The  13  mm  beam  spacing  and 
250  mm  focal  length  transmitting  lens  result  in  a 
measurement  volume  diameter  of  0.127  mm. 

Separate  TSI  model  9306  six-jet  atomizers 
are  used  to  inject  50  centistoke,  silicone  oil  from 
Dow  Coming  into  each  stream.  The  oil  droplets  are 
injected  downstream  of  all  flow-conditioning 
modules  and  upstream  of  the  nozzle  blocks  through 
small  stainless  steel  tubes.  Bloomberg^  ^ 
demonstrated  that  these  six-jet  atomizers  produce  a 
mean  droplet  diameter  of  0.8  microns  when  using  this 
fluid.  The  scattered  light  from  the  silicone  oil 
droplets  is  collected  in  forward  scatter  with  a  250  nun 
focal  length  lens  at  an  off-axis  collection  angle  of 
10  .  This  results  in  an  effective  measurement  volume 
length  of  1.5  mm.  A  TSI  IFA  750  digital  burst 
correlator  operating  in  coincident  mode  determines 
the  Doppler  frequencies.  Jenson  gives  a  detailed 
discussion  of  the  IFA  750  operation.  A  discussion  of 
the  accuracy  of  the  LDV  system  is  presented  in 
Appendix  A. 

EXPERIMENTAL  TECHNIQUE 

In  the  current  study,  the  shock  motion  spans 
a  streamwise  distance  of  4.7So  or  14  mm,  contains 
frequencies  as  large  as  10  kHz,  and  is  captured  by 
sampling  each  pressure  transducer  at  20  kHz.  The 
Nyquist  criterion  was  used  to  select  the  sampling 
frequency  of  20  kHz.  Since  the  boundary  layer 
separation  point  oscillates  in  the  streamwise  direction 
with  the  shock  wave,  the  shear  layer  will  also 
oscillate  and  cause  biasing  of  unconditionally 
averaged  velocity  data.  Consequently,  a  method  is 
needed  to  minimize  the  bias  in  the  velocity 
measurements  of  the  developing  shear  layer  due  to 
the  shock  wave  unsteadiness.  This  is  provided  by  the 
following  procedure. 
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Acquisition  Timing 

At  the  beginning  of  each  tunnel  run,  a 
timing  pulse  initiates  pressure  measurements  using 
the  two  transducers  that  are  flush-mounted  in  the 
bottom  wall  of  the  upper  stream  (i.e.,  beneath  the 
separation  shock  wave).  The  algorithm  described 
below  uses  these  wall  pressure  measurements  to 
determine  the  shock  position.  This  same  timing  pulse 
also  produces  a  timing  marker  in  the  velocity  data 
that  provides  a  common  time  origin  for  both  the 
pressure  and  velocity  measurements.  This  allows  the 
time  histories  of  the  pressure  and  velocity  data  to  be 
merged.  While  the  pressure  is  sampled  at  regular 
intervals,  the  velocity  data  are  collected  at  random 
times  (i.e.,  whenever  an  oil  droplet  produces  a  valid 
Doppler  burst  on  both  velocity  channels).  The  IFA 
750  Digital  Burst  Correlator,  used  to  collect  the 
velocity  data,  has  a  temporal  resolution  of  ±1  psec. 
This  is  the  limiting  temporal  resolution  of  the 
combined  pressure/velocity  data  acquisition  system. 

TTMBCC  Algorithm 

The  pressure  time  history  for  each  of  the  two 
channels  is  analyzed  using  the  two-threshold  method 
boxcar  conversion  (TTMBCC)  algorithm  developed 
by  Prof  D.  S.  Dolling  and  co-workers  at  the 
University  of  Texas-Austin.^^  The  TTMBCC 
algorithm  isolates  the  pressure  fluctuations  due  to  the 
shock  motion  from  those  present  in  the  incoming 
turbulent  boundary  layer  and  in  the  separated  region 
behind  the  shock.  This  results  in  a  boxcar  time 
history  (i.e.,  a  binary  representation  of  upstream  and 
downstream  shock  positions)  for  each  channel  (see 
Figure  5).  The  TTMBCC  algorithm  has  been  used 
extensively  in  studies  of  shock  motion  in  unswept 
compression  comer  flows,^'*^’^^’*^ 

Each  channel’s  boxcar  history  is  described 
by  the  time  at  which  each  rise  or  fall  in  pressure 
associated  with  a  shock  crossing  occurs.  The  boxcar 
history  is  formed  by  first  setting  thresholds  of  3a  and 
6a  above  the  mean  pressure  in  the  incoming 
boundary  layer  (where  a  is  the  standard  deviation  of 
the  pressure  fluctuations  in  the  incoming  boundary 
layer).  Shaw^"^  describes  in  detail  the  criteria  for 
picking  the  two  thresholds  used  in  this  study.  For  a 
rise  event  to  register  (i.e.,  the  shock  moves  upstream 
of  the  transducer),  the  pressure  must  initially  be  less 
than  the  lower  threshold  and  must  rise  past  the  upper 
threshold.  For  a  fall  event  to  register  (i.e.,  the  shock 
moves  downstream  of  the  transducer),  the  pressure 
must  initially  be  greater  than  the  upper  threshold  and 
must  fall  past  the  lower  threshold.  The  TTMBCC 
algorithm  prevents  the  mistake  of  interpreting 
oscillations  about  the  lower  threshold  prior  to  a  rise 


event  and  oscillations  about  the  upper  threshold  prior 
to  a  fall  event  as  shock  motions.  The  occurrence  time 
of  either  a  rise  or  fall  event  is  defined  as  the  time 
when  the  first  pressure  sample  is  taken  after  the  upper 
threshold  is  crossed. 

Both  thresholds  are  used  to  determine  if  a 
pressure  change  represents  a  shock  motion,  but  only 
the  upper  threshold  is  used  to  determine  the 
occurrence  time  of  a  shock  motion.  This  ensures  that 
the  position  of  the  shock  wave  relative  to  the  pressure 
transducer  will  be  the  same  for  both  upstream  and 
downstream  shock  crossings.  Since  the  separation 
distance  between  the  transducers  (2.54  mm)  is  less 
than  the  length  of  the  shock  foot  (3  mm),  the 
TTMBCC  algorithm  used  in  conjunction  with  this 
pressure  acquisition  system  is  capable  of  resolving 
the  shock  position  to  within  ±1.6  mm  (the  active 
element  diameter  of  a  single  transducer). 

Conditional  Analysis 

A  second  algorithm  is  used  to  determine  the 
position  of  the  shock  wave  corresponding  to  each 
velocity  realization.  Figure  5  illustrates  this  process. 
The  shock  wave  positions  are  defined  using  the 
numbers  1,  2,  or  3,  depending  on  whether  the  shock 
wave  is  upstream,  between,  or  downstream  of  the  two 
transducers,  respectively.  Additional  categories  are 
defined  for  various  shock  position  transitions  and 
error  cases,  which  represent  less  than  1%  of  the 
acquired  data.  This  small  percentage  of  transitional 
cases  indicates  that  the  shock  motion  is  accurately 
captured  using  this  method. 

Each  velocity  realization  is  matched  to  the 
corresponding  point  in  the  boxcar  history  of  the 
pressure  data,  and  the  shock  wave  position  for  that 
realization  is  determined.  Then  the  velocity 
measurement  is  saved  with  the  corresponding  shock 
wave  position.  Finally,  conditional  averages  are 
formed  from  the  velocity  realizations  corresponding 
to  shock  wave  position  2  (between  the  two 
transducers),  thereby  effectively  “freezing”  the  shock 
position  at  this  location.  This  conditional  average 
retains  only  approximately  25%  of  the  velocity  data 
and  therefore  necessitates  collecting  very  large  data 
sets  to  obtain  adequate  statistical  certainty  from  the 
ensemble  averages. 

The  algorithm  used  for  the  current  study  has 
two  advantages  over  that  used  by  Kussoy  et  al.'^ 
First,  by  using  two  transducers  instead  of  only  one,  it 
is  possible  to  form  velocity  data  ensembles  with  the 
shock  wave  in  a  single  position,  region  2,  instead  of 
for  only  a  range  of  positions,  i.e.,  shock  forward  or 
shock  back.  Second,  this  technique  uses  only 
pressure  measurements  and  consequently  eliminates 
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the  subjective  process  of  inspecting  shadowgraph 
movies  for  the  mean  shock  positions. 

Since  the  transducers  are  placed  at  19.0  and 
16.5  mm  upstream  of  the  base  plane,  the  shock  foot 
position  (i.e.,  the  boundary  layer  separation  point)  for 
the  region  2  data  set  is  17.75±1 .6  mm  upstream  of  the 
base  plane.  Increases  in  the  jet-to-freestream  static 
pressure  ratio  (JSPR)  between  the  two  streams  shift 
the  region  of  shock  oscillation  upstream,  away  from 
the  base  comer.  As  this  shift  occurs,  the 
intermittency  (i.e.,  the  proportion  of  time  spent  by  the 
shock  upstream  of  a  given  transducer)  increases  for 
both  transducers.  However,  the  time  spent  by  the 
shock  between  the  two  transducers  (in  region  2)  at 
first  increases,  peaks  at  near  25%,  and  then  decreases. 
The  JSPR  of  2.27  for  this  study  was  selected  to 
maximize  the  time  spent  by  the  shock  in  region  2 
(between  the  transducers)  and  thereby  to  maximize 
the  amount  of  data  obtained  from  the  conditional 
analysis. 

RESULTS 

This  section  presents  data  obtained  using  the 
technique  described  above.  A  complete  mapping  of 
the  plume-induced  separated  flowfield  has  recently 
been  completed  and  will  be,  along  with  a  detailed 
discussion  of  the  flowfield  features  and  trends,  the 
subject  of  a  future  paper. Therefore,  this 
discussion  will  concentrate  on  the  effects  of  changes 
in  the  shock  position  and  in  the  direction  of  shock 
motion  on  the  velocity  statistics.  This  section 
presents  conditionally  and  unconditionally  averaged 
data  at  four  streamwise  stations.  The  four  stations  A, 
B,  C,  and  D  are  located  at  x— 25,  0,  +15,  and 
+30  mm  from  the  base  plane,  respectively  (see  Figure 
2).  These  positions  lie  in  the  approach  boundary 
layer  upstream  of  the  separation  shock,  at  the  base 
plane.  Just  before  reattachment,  and  in  the  developing 
wake,  respectively.  Station  A  lies  at  the  limit  of 
optical  access  in  the  upstream  direction. 

All  traverses  are  limited  to  25  mm  above  the 
bottom  wail  (i.e.,  the  bottom  half  of  the  upper 
stream);  all  flowfield  features  of  interest  are 
contained  within  this  region.  The  laser  beams 
become  clipped  at  positions  closer  than  1  mm  from 
the  wall;  therefore,  each  traverse  begins  at  y=l  mm. 
Due  to  their  inertia,  LDV  seed  particles  can  produce 
curved  pathlines  behind  an  oblique  shock  wave 
instead  of  following  the  fluid  streamlines  that  bend 
sharply  at  the  shock  front.  This  difference  in  the 
particle  and  fluid  responses  to  shocks  can  introduce 
particle  dynamics  errors.  The  effects  of  particle 
dynamics  in  the  current  flowfield  are  negligibly  small 
outside  the  region  immediately  downstream  of  the 


shock  wave  (1.4  mm  normal  to  the  shock  or  2.8  mm 
in  the  streamwise  direction).  While  stations  B  and  C 
cross  the  separation  shock  wave,  the  shear  layer  at 
both  of  these  locations  lies  below  the  region  of 
significant  particle  lag. 

Effects  of  Shock  Position 

The  primary  motivation  for  the  conditional 
averaging  technique  described  earlier  is  to  precisely 
locate  the  separation  shock  wave  between  the  two 
flush-mounted  pressure  transducers  at  the  instant  in 
time  at  which  a  velocity  measurement  is  made.  This 
allows  the  effects  of  changes  in  shock  position  on  the 
velocity  field  to  be  distinguished  from  the  inherent 
turbulence  in  the  velocity  field.  The  effects  of  shock 
position  on  the  flowfield  may  be  discerned  by 
comparing  LDV  data  acquired  when  the  shock  was 
between  the  two  transducers  (in  region  2)  to  LDV 
data  acquired  without  accounting  for  shock  position. 
Region  2  was  chosen  because  it  is  the  smallest  region 
(only  2.5  mm  in  streamwise  extent)  in  which  the 
shock  could  be  located. 

To  equalize  the  random  error  in  the  velocity 
measurements,  which  depends  on  the  ensemble  size 
(see  Appendix  A),  both  the  unconditional  (total  data) 
and  conditional  (region  2)  averages  use  an  ensemble 
size  of  4096  realizations.  The  systematic  error  or 
bias  error  in  the  LDV  data  is  identical  for  the  two 
sets.  Any  differences  between  the  two  sets  are, 
therefore,  due  only  to  the  shock  motion  or  to  random 
errors  in  the  LDV  data. 

Figure  6  shows  the  dimensionless  mean 
streamwise  velocity  (nondimensionalized  by  the 
freestream  velocity,  Uoe=590  m/s)  for  each  station. 
Several  features  of  Figure  6  should  be  noted.  First, 
the  "all  data"  and  "region  2"  profiles  are  very  similar 
at  all  four  stations.  This  shows  that  the  mean  velocity 
is  unaffected  by  changes  in  the  shock  position.  In 
addition,  the  inclination  of  the  shear  layer  is  apparent, 
since  the  noticeable  trough  in  the  velocity  profiles 
(which  is  in  the  recirculation  region)  occurs  at 
increasing  heights  above  the  base  for  each  successive 
station.  The  smoothness  of  the  profiles  also  indicates 
that  the  random  LDV  errors  are  small.  Finally,  the 
slight  variation  (less  than  2%)  in  the  freestream  mean 
velocity  profile  at  station  A  may  be  due  to  a  slight 
wake  from  the  seed  injection  tube  which  is  upstream 
of  the  converging-diverging  freestream  nozzle. 

Figure  7  presents  the  dimensionless 
streamwise  normal  stress  profiles  for  each  station. 
As  with  the  mean  velocity  data,  the  streamwise 
normal  stress  profiles  for  the  unconditional  and 
conditional  data  sets  are  nearly  identical  at  stations  B, 
C,  and  D.  There  are  some  differences  between  the 
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peak  values  of  the  “all  data”  or  “region  2”  profiles  at 
these  downstream  stations,  but  these  differences  are 
not  substantially  larger  than  the  measurement 
uncertainties  at  these  locations.  However,  some 
significant  differences  are  apparent  near  the  wall  at 
station  A.  In  particular,  the  "region  2"  profile 
appears  to  be  much  smoother  than  that  of  the  "all 
data"  profile.  This  difference  between  data  sets 
seems  to  indicate  that  shock  motion  does  increase  the 
apparent  normal  stress  inside  the  boundary  layer. 
Although  taken  as  far  upstream  as  optical  access 
allowed.  Station  A  lies  just  within  the  region  of 
oscillation  of  the  separation  shock  wave. 
Consequently,  the  shock  wave  makes  infrequent 
excursions  upstream  of  station  A.  These  excursions, 
however,  occur  during  only  a  small  fraction  of  the 
time  during  data  collection.  The  result  is  increased 
random  error  in  the  resulting  turbulence  quantities  in 
this  region. 

The  streamwise  stress  profiles  obtained 
downstream  of  separation  (B,  C,  D)  show  much  less 
deviation  between  the  "all  data"  and  "region  2"  data 
sets.  This  is  expected  since  the  effects  of  shock  wave 
unsteadiness  should  be  greatly  diminished  at  these 
downstream  locations.  Comparing  station  A  with 
stations  B  and  C  shows  that  the  shock-induced 
separation  process  greatly  increases  the  streamwise 
normal  stress.  Comparing  stations  C  and  D  shows 
the  dramatic  decrease  in  the  peak  streamwise  normal 
stress  through  reatiachment.  As  with  the  mean 
velocity  profiles,  the  inclination  of  the  shear  layer 
above  the  wall  is  apparent  since  the  dominant  peak  in 
the  streamwise  normal  stress  profiles  occurs  at 
increasing  heights  above  the  wall  for  each  successive 
station. 

The  dimensionless  transverse  normal  stress 
profiles  for  each  station  are  presented  in  Figure  8.  As 
in  Figure  7  for  the  streamwise  component,  the  "all 
data"  and  "region  2"  data  sets  show  close  agreement 
at  all  stations  except  within  the  boundary  layer  at 
station  A.  At  station  A,  the  transverse  normal  stress 
profile  shows  the  same  characteristics  as  that  of  the 
streamwise  normal  stress  in  that  the  "region  2"  profile 
is  notably  smoother  than  the  "all  data"  profile. 

Similar  to  Figure  7  for  the  streamwise 
normal  stress,  the  dimensionless  transverse  normal 
stress  is  greatly  increased  by  the  shock-induced 
separation.  The  asymmetry  of  the  main  peak  in  the 
transverse  normal  stress  at  station  C  is  due  to  the 
effects  of  the  lower  shear  layer.  Since  this  lower 
shear  layer  is  inclined  at  40°  with  respect  to  the  x- 
axis,  the  turbulence  in  the  lower  shear  layer  has  a 
large  transverse  component.  The  small  secondary 
peaks  in  the  transverse  normal  stress  at  stations  B  and 


C  coincide  with  the  location  of  the  separation  shock. 
This  slight  increase  in  turbulence  is  due  to  either 
small-scale  shock  unsteadiness  that  is  below  the 
resolution  limit  of  the  conditional  averaging 
technique  or  to  particle  lag. 

Comparing  Figures  7  and  8,  it  is  apparent 
that  the  freestrcam  turbulence  is  isotropic  while  the 
boundary  layer  and  free  shear  layer  turbulence  is 
anisotropic.  The  peak  normal  stress  anisotropy  ratio, 
<u*^  >/<  >,  in  the  shear  layer  at  stations  B,  C,  and 

D  is  approximately  13,  9.5,  and  5.6,  respectively. 
The  peak  normal  stress  anisotropy  in  the  approaching 
boundary  layer  at  station  A  is  difficult  to  estimate 
with  certainty  since  the  transverse  normal  stress  may 
only  be  measured  at  positions  above  y=l  mm. 
However,  over  the  outer  portion  of  the  boundary 
layer  that  has  been  probed,  the  anisotropy  increases 
and  levels  off  at  approximately  3  as  the  wall  is 
approached.  This  gives  evidence  of  the  much 
stronger  amplification  of  the  streamwise  normal 
stress  by  the  shock  interaction  than  the  amplification 
of  the  transverse  normal  stress.  As  the  shear  layer 
moves  downstream  from  separation,  there  is  a  strong 
reorganization  of  the  turbulence  and  a  shift  in  the 
turbulent  kinetic  energy  from  the  streamwise  to  the 
transverse  direction.  This  occurs  both  during  shear 
layer  development  and  through  reattachment. 

The  Reynolds  shear  stress  profiles  for  each 
station  are  shown  in  Figure  9  where,  following 
convention,  the  negative  of  the  shear  stress, 

-<1/ v'>/U«^  is  plotted.  As  in  Figures  6-8,  the 
profiles  for  the  "all  data”  and  "region  2"  data  sets 
agree  closely  at  each  station  with  the  noticeable 
exception  of  the  boundary  layer  at  station  A.  At 
station  A  the  "region  2"  profile  is  again  much 
smoother  than  the  "all  data"  profile.  As  expected,  the 
Reynolds  shear  stress  inside  the  boundary  layer  is 
negative.  Also  interesting  is  the  near  zero  value  of 
the  Reynolds  shear  stress  in  the  ffeestream  at  all  four 
stations,  as  is  expected.  The  uppermost  positive  peak 
in  the  shear  stress  profiles  at  stations  B  and  C 
coincides  with  the  location  of  the  separation  shock. 
Like  the  secondary  peaks  in  the  transverse  normal 
stress,  this  is  an  artifact  of  either  small-scale  shock 
motion  or  particle  lag. 

Figure  10  shows  the  nondimensional 
turbulent  kinetic  energy  profiles.  Previous  LDV 
measurements  in  related  2-D  flows^®  show  that  the 
spanwise  turbulence  intensities  are  approximately 
equal  to  the  transverse  turbulence  intensities  in 
compressible  shear  layers.  Therefore,  the  turbulent 
kinetic  energy  in  this  study  is  approximated  as 
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m:  =  j(u'=  +  2v'')  (1) 

where  the  spanwise  normal  stress  is  approximated  as 
equal  to  the  transverse  normal  stress,  and  and 
v'^  are  the  stream  wise  and  transverse  normal 
stresses,  respectively.  This  definition  is  slightly 
different  than  that  used  by  some  previous  researchers 
such  as  Kuntz,^  where  the  spanwise  normal  stress  is 
approximated  as  the  arithmetic  average  of  the 
streamwise  and  transverse  normal  stresses.  This 
average  definition  has  the  effect  of  overestimating 
both  the  spanwise  turbulence  and,  consequently,  the 
turbulent  kinetic  energy. 

The  most  obvious  feature  of  the  turbulent 
kinetic  energy  profiles  in  Figure  10  is  the  close 
similarity  to  the  streamwise  normal  stress.  The 
streamwise  normal  stress  is  much  larger  than  the 
transverse  normal  stress  over  most  of  the  flowfield 
and  so  dominates  the  turbulent  kinetic  energy.  Like 
the  streamwise  and  transverse  normal  stresses,  the 
turbulent  kinetic  energy  profiles  show  very  little 
variation  with  changes  in  shock  position,  except  in 
the  approaching  boundary  layer. 

It  is  not  surprising  that  Kussoy  et  al.'s*^ 
turbulent  kinetic  energy  data  showed  a  greater 
variation  based  on  shock  position  than  the  data 
presented  here.  As  described  previously,  Kussoy  et 
al.’s  algorithm  formed  data  sets  only  for  shock 
positions  ahead  of  or  behind  a  given  transducer.  This 
results  in  forward-  and  rearward-biased  data  sets,  and 
a  total  data  set  of  unknown  bias.  In  the  current  study, 
which  uses  an  algorithm  utilizing  two  transducers, 
the  data  may  be  formed  into  a  single  data  set  of 
minimal  bias  (region  2  data).  Based  on  the  results  of 
this  study,  it  is  apparent  that  a  conditional  analysis 
technique  such  as  Kussoy ’s  can  overstate  the  effect 
of  shock  wave  unsteadiness  on  the  measured 
turbulence  quantities. 

Effects  of  Shock  Motion  Direction 

The  conditional  averaging  algorithm 
described  earlier  may  be  modified  to  isolate  the 
effects  of  the  direction  of  the  shock  motion  rather 
than  the  effects  of  the  shock  position  on  the  velocity 
field.  As  mentioned  earlier,  LDV  data  are  acquired  at 
random  times  (whenever  a  seed  particle  passes 
through  the  measurement  volume),  while  the  pressure 
data  (used  to  determine  the  shock  position)  are 
acquired  at  regular  intervals.  Therefore,  each  LDV 
point  occurs  within  a  time  interval  bounded  by 
pressure  samples.  If  the  shock  position  at  the 
beginning  and  the  end  of  an  interval  containing  an 
LDV  data  point  are  the  same,  the  shock  position  is 


known  for  that  LDV  data  point  and  the  corresponding 
shock  region  is  assigned  to  that  point.  However,  if 
the  shock  position  at  the  beginning  and  end  of  an 
interval  containing  an  LDV  data  point  are  not  the 
same,  the  shock  wave  must  have  transitioned 
between  the  two  regions  during  the  time  interval  in 
question.  Inspection  of  typical  data  ensembles  for 
tiiis  flow  shows  that  these  shock  transitions  occur  in 
less  than  1%  of  the  sample  intervals.  The  exact 
shock  position  is  not  known  for  LDV  data  points 
occurring  during  these  transition  intervals  and  so, 
instead,  a  classification  number  corresponding  to  the 
particular  type  of  shock  transition  is  assigned  to  each 
such  LDV  data  point. 

There  are  three  such  transition  cases  in  each 
of  the  upstream  and  downstream  directions,  in  the 
downstream  direction,  these  correspond  to  transitions 
from  upstream  of  both  to  between  the  two 
transducers  (transition  from  region  1  to  region  2), 
from  between  the  two  transducers  to  downstream  of 
both  (transition  from  region  2  to  region  3),  or  from 
upstream  of  both  to  downstream  of  both  transducers 
(transition  from  region  1  to  region  3).  In  the 
upstream  direction,  these  correspond  to  transitions 
from  downstream  of  both  to  between  the  two 
transducers  (transition  from  region  3  to  region  2), 
from  between  the  two  transducers  to  upstream  of 
both  (transition  from  region  2  to  region  1),  or  from 
downstream  of  both  to  upstream  of  both  transducers 
(transition  from  region  3  to  region  1). 

For  this  study  of  the  effects  of  the  direction 
of  shock  motion,  only  the  transitions  beginning  or 
ending  in  region  2  (between  the  transducers)  are 
considered.  The  transitions  across  both  transducers 
are  excluded  due  to  their  increased  shock  position 
uncertainty  at  both  endpoints  of  the  motion.  Due  to 
the  low  LDV  data  rates,  the  short  tunnel  run  times, 
and  the  small  number  of  transition  cases  (less  than 
1%  of  all  acquired  data  in  this  flowfield)  the 
directionally  conditional  ensemble  size  was  limited  to 
1100  velocity  realizations  for  each  direction, 
requiring  acquisition  of  196,608  velocity  realizations 
per  spatial  location.  This  is  considerably  smaller  than 
the  4096  realization  ensembles  used  in  all  other  data 
presented  in  this  study,  which  substantially  increases 
the  random  error  in  the  resulting  mean  velocity  and 
turbulent  stresses  (see  Appendix  A). 

Because  of  the  large  number  of  velocity 
realizations  required  for  statistically  significant 
ensembles,  direction  conditional  ensembles  were 
obtained  only  within  the  shear  layer  at  station  B,  the 
base  plane  (see  Figure  2).  This  position  was  selected 
because  of  its  proximity  to  the  separation  point  and 
the  presence  of  the  recirculation  zone.  The  traverse 
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was  limited  to  below  y=8.5  mm,  so  as  to  lie  beneath 
the  region  of  particle  lag  lying  downstream  of  the 
separation  shock  wave.  To  equalize  the  random 
error,  which  depends  on  the  ensemble  size,  all  of  the 
conditional  (upstream,  downstream,  and  region  2) 
averages  for  the  data  presented  in  this  portion  of  the 
study  use  an  ensemble  size  of  1 100  realizations.  The 
systematic  error  or  bias  error  in  the  LDV  data  is 
identical  for  the  three  sets.  Any  differences  between 
the  two  sets  are,  therefore,  due  only  to  changes  in  the 
direction  of  the  shock  motion  or  to  random  errors  in 
the  LDV  data. 

The  profiles  in  Figure  1 1  for  the  stream  wise 
mean  velocity  and  turbulent  stresses  show  the  effects 
of  changes  in  the  direction  of  shock  motion.  As  can 
be  seen  from  Figure  1 1,  no  significant  effect  of  the 
direction  of  shock  motion  can  be  separated  from  the 
direction-independent  but  position-conditioned 
(region  2)  data  for  the  mean  streamwise  velocity.  As 
just  discussed,  the  increased  experimental  scatter  in 
these  profiles  is  due  to  the  reduced  ensemble  size 
compared  to  that  in  Figures  6-10.  Interestingly,  even 
with  equal  ensemble  sizes,  the  downstream  data  set, 
rather  than  the  region  2  data  set,  displays  the  most 
experimental  scatter  of  the  three  conditional 
averages.  This  provides  some  evidence  that  the 
direction  of  the  shock  motion  may  have  a  more 
important  effect  on  the  velocity  statistics  than  the 
position  of  the  shock.  For  all  four  plotted  quantities, 
the  upstream  and  region  2  profiles  in  Figure  1 1  agree 
fairly  closely,  especially  in  the  mean  streamwise 
velocity  and  transverse  normal  stress.  However,  for 
the  streamwise  normal  stress  the  upstream  data  set 
exhibits  less  scatter  than  the  region  2  profile.  Also 
interesting  is  the  agreement  in  the  peak  magnitude  of 
the  streamwise  normal  stress  for  the  downstream  and 
region  2  data  sets.  Comparing  this  peak  value  with 
that  found  in  Figure  7  for  the  same  location,  but  with 
a  larger  ensemble  size  (i.e.,  smaller  random  error), 
the  values  are  found  to  agree.  The  peak  streamwise 
normal  stress  for  the  upstream  data  profile,  however, 
displays  a  smaller  peak.  This  difference  is  well 
outside  the  9%  error  bars  at  this  location. 

Examining  the  transverse  normal  stress  and 
Reynolds  shear  stress  profiles  in  Figure  1 1  reveals 
two  other  statistically  significant  trends.  First,  the 
transverse  normal  stress  profile  for  the  downstream 
data  set  deviates  significantly  from  the  upstream  and 
region  2  profiles  over  the  region  2  mm<y<5  mm. 
This  deviation  is  also  larger  than  the  measurement 
uncertainties  at  these  locations.  Most  noticeable  in 
the  downstream  transverse  normal  stress  profile  is  the 
presence  of  a  distinct  and  large  trough  and  peak  in 
this  region.  The  midpoint  between  these  two  features 


also  coincides  with  the  location  of  the  peak 
streamwise  normal  stress  (i.e.,  the  center  of  the  shear 
layer).  The  last  noteworthy  feature  of  Figure  1 1  is 
the  greatly  increased  peak  positive  shear  stress  value 
displayed  (note  by  convention  the  negative  of  the 
shear  stress  has  been  plotted)  by  the  downstream  data 
profile.  This  peak  value  of  approximately  -0.0095  is 
almost  twice  fht  value  of  approximately  -0.005  peak 
exhibited  by  both  the  upstream  and  region  2  data 
profiles.  Interestingly,  comparing  the  region  2  shear 
stress  profile  in  Figure  1 1  to  those  foimd  in  Figure  9 
at  the  same  streamwise  location  reveals  that  the  use 
of  a  larger  ensemble  size  for  the  region  2  data  does 
not  change  the  peak  value  from  that  present  in  the 
upstream  and  region  2  profiles  of  Figure  11.  The 
positive  shear  stress  peak  in  Figure  9  does,  however, 
occur  closer  to  the  wall  than  the  positive  shear  stress 
peak  of  the  downstream  profile  in  Figure  1 1 . 

SUMMARY  AND  CONCLUSIONS 

The  technique  described  for  separating 
shock  motion  from  turbulence  in  LDV  measurements 
has  been  successfully  demonstrated.  Data  have  been 
presented  for  streamwise  locations  upstream  of  mean 
separation,  in  the  separated  shear  layer,  and  through 
the  reattachment  region.  The  shock  motion  has  been 
shown  to  have  a  significant  effect  on  the  measured 
turbulence  within  the  boundary  layer  upstream  of  the 
mean  separation  location,  and  a  much  smaller  effect 
through  the  separated  shear  layer  and  reattachment 
regions.  This  study  has  shown  that  changes  in  shock 
wave  position  do  not  have  a  significant  effect  on 
measured  mean  velocities  or  turbulence  quantities 
downstream  of  separation. 

This  study  indicates,  however,  that  changes 
in  the  direction  of  shock  wave  motion  do 
significantly  alter  the  measured  levels  of  downstream 
turbulence,  although  the  mean  velocity  is  still 
unaltered.  Specifically,  upstream  shock  motion 
decreases  the  apparent  peak  streamwise  normal 
stress,  but  does  not  change  the  peak  transverse 
normal  stress  or  the  Reynolds  shear  stress. 
Downstream  shock  motion  increases  the  peak 
positive  shear  stress  and  shifts  the  location  of  this 
peak  further  from  the  wall.  Downstream  shock 
motion  also  does  not  appreciably  change  the 
streamwise  normal  stress.  Downstream  shock  motion 
decreases  the  transverse  normal  stress  over  a  portion 
of  the  top  of  the  shear  layer,  while  increasing  the 
transverse  normal  stress  over  a  portion  of  the  bottom 
of  the  shear  layer.  Taken  together  this  indicates  that 
there  may  be  changes  in  the  underlying  turbulent 
structures  inside  the  shear  layer  that  correspond  to 
changes  in  the  direction  of  the  shock  motion.  For 
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example,  the  separation  shock  may  rotate  about  its 
foot  as  it  translates  in  the  streamwise  direction.  This 
rotation  would  correspond  to  a  varying  shock 
strength  and  a  varying  adverse  pressure  gradient 
being  imposed  on  the  shear  layer.  This  variation 
could  alter  the  turbulent  structures  inside  the  shear 
layer,  and  therefore,  alter  the  velocity  statistics. 

The  results  of  this  study  are  intriguing  and 
may  serve  as  encouragement  for  further 
investigations.  Such  changes  in  turbulent  structure 
are  difficult,  but  not  impossible,  to  detect.  Future 
laser  sheet  visualizations  may  reveal  the  nature  of 
such  changes.  Unsteady  shock-separated  flows  such 
as  this  represent  some  of  the  most  challenging 

flowfields  to  investigate  either  experimentally  or 
numerically.  In  general,  LDV,  as  a  non-intrusive 
technique  capable  of  measuring  velocity  independent 
of  the  pressure  and  density  fluctuations  inherent  in 
such  flows,  is  more  accurate  than  hot-wires  in  these 
flows.  However,  the  random  nature  of  LDV  data 
acquistion  times  in  supersonic  flows  (due  to  low 
seeding  levels)  makes  synchronization  with  shock 
motion  difficult  and  requires  discarding  large 

amounts  of  data.  Despite  these  difficulties,  this  study 
has  shown  that  LDV  can  be  used  to  obtain  accurate 
velocity  statistics  with  minimal  bias  in  flows 
containing  unsteady  shock  waves. 

APPENDIX  A 

Experimental  Uncertainty 

A  detailed  error  analysis  has  been 
performed^’  for  this  experiment.  The  relative 

systematic  or  bias  error  in  the  mean  velocity  and 
normal  stresses  for  both  the  streamwise  and 

transverse  velocity  components  was  estimated  to  be 
no  larger  than  2%  and  is  primarily  due  to  uncertainty 
in  the  measurement  of  the  LDV  fringe  spacing.  Due 
to  the  careful  choice  of  seeding  levels,  seed  material, 
and  beam  angles,  and  from  the  use  of  both  frequency 
shifting  and  interarrival  time  velocity  debiasing,^^ 
the  effects  of  fringe  bias,  velocity  gradient  bias, 
velocity  bias,  particle  concentration  bias,  and  particle 
lag  were  estimated  to  be  negligibly  small.  As  noted 
previously,  particle  lag  is  estimated  to  be  significant 
only  in  the  region  immediately  downstream  of  the 
shock  wave,  which  is  outside  the  region  of  interest. 

The  overall  random  or  precision  errors  in 
both  the  mean  and  variance  of  the  velocities  are  given 
by  95%  confidence  intervals  (assuming  a  normal 
distribution  of  velocities).  The  limits  of  these 
confidence  intervals  depend  both  on  the  ensemble 
size^^  and  on  the  standard  deviation  of  the  velocity 
distribution,  i.e.,  the  rms  velocity  fluctuation. 
Equations  2-5  below  give  the  random  error  in  the 


mean  and  variance  estimates  at  95%  confidence, 
where  M,  p,  s,  N,  and  a  are  the  estimate  of  the  mean 
velocity,  the  actual  mean  velocity,  the  estimate  of  the 
rms  velocity,  the  ensemble  size,  and  the  actual  rms 
velocity,  respectively.  Please  note  that  these 
equations  apply  to  both  the  streamwise  and  transverse 


velocities. 

Specifically,  forN=4096: 

M  -  0.03  Is  <  ju<M  0.03  \s  (2) 

0.9575^  <a^<1.046s^  (3) 

and  for  N=1 100: 

M  -  0.060j  <fi<M  +  0.0605  (4) 

0.9205^  <  <  1 .09 15^  (5) 


The  random  error  in  the  estimate  of  the  mean  at  any 
given  point  in  the  flow  is  directly  proportional  to  the 
rms  velocity  at  that  point.  However,  the  random 
error  in  the  estimate  of  the  variance  of  the  velocity  is 
independent  of  the  mean  velocity.  For  a  fixed  sample 
size,  the  random  error  in  the  velocity  variance 
estimate  is  simply  a  fixed  percentage  of  the  velocity 
variance  at  each  point. 

The  maximum  measured  streamwise  rms 
velocity,  or  the  square  root  of  the  streamwise  normal 
stress,  in  the  present  study  is  0.32Uoo  or  189  m/s  and 
occursjust  upstream  of  reattachment.  This  maximum 
rms  velocity  yields  a  random  error  in  the  streamwise 
mean  velocity  of  5.9  m/s  or  O.OlUoo  for  the  data  with 
ensemble  sizes  of  4096  points  (i.e.,  Figures  6-10). 
The  maximum  measured  transverse  rms  velocity,  or 
the  square  root  of  the  transverse  normal  stress,  in  the 
present  study  is  0.12U«  or  71  m/s  and  occurs  just 
upstream  of  reattachment.  This  maximum  rms 
velocity  yields  a  random  error  in  the  streamwise 
mean  velocity  of  2.25  m/s  or  0.0038U«,  for  data  in 
Figures  6-10.  The  maximum  random  error  in  the  two 
normal  stresses  is  4.6%  for  data  in  Figures  6-10. 

Almost  all  of  the  data  presented  in  this  study 
use  an  ensemble  size  of  4096  points.  However,  for 
the  shock  transition  conditional  averages,  the 
ensemble  size  was  limited  to  1100  points.  For  these 
transition  conditional  averages,  the  maximum  rms 
velocities  are  0.28Uco  or  165  m/s  and  0.1 1U«,  or 
65  m/s  for  the  streamwise  and  transverse  directions, 
respectively.  The  resulting  maximum  random  errors 
in  the  mean  velocity  estimates  are  9.9  m/s  (O.OlTUoo) 
and  3.8  m/s  (0.0064Uoo)  for  the  streamwise  and 
transverse  directions,  respectively.  The  maximum 
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random  error  in  the  two  normal  stresses  for  the 
transition  data  sets  is  9.1%. 
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ABSTRACT 

Two-component  laser  Doppler 
velocimetry  (LDV)  measurements  were  made  in  a 
planar,  shock-separated  free  shear  layer  formed  by 
the  convergence  of  two  supersonic  streams  past  a 
thick  plate.  High-speed  wall  pressure 
measurements  locate  the  unsteady  shock  wave 
formed  by  this  interaction  and,  consequently,  allow 
separation  of  the  effects  of  shock  motion  from  the 
turbulence  fluctuations  in  the  velocity 
measurements  of  the  shear  layer.  Shock-induced 
separation  dramatically  increases  the  normal 
stresses  and  shear  stress.  The  shock-separated 
shear  layer  displays  a  positive  shear  stress  region 
between  separation  and  reattachment. 
Reattachment  produces  a  shift  in  turbulent  kinetic 
energy  from  the  streamwise  component  to  the 
transverse  component.  The  region  of  shock  motion 
has  a  relatively  constant  width  irrespective  of 
distance  from  the  wall. 

INTRODUCTION 

While  shock-induced  boundary  layer 
separation  caused  by  a  second  fluid  stream  has 
been  investigated  over  the  last  40  years,  there  are 
no  known  turbulence  measurements  in  such  a  flow. 
However,  shock-induced  shear  layer  formation  in 
front  of  solid  objects  has  been  investigated.^'^ 
Among  these  geometries,  unswept  compression 
comer  flows  provide  the  closest  analogy  to  the 
current  study. 

To  date  only  four  studies  of  turbulence  in 
unswept  compression  comers  have  been 
performed:  Ardonceau;"^  Kuntz;^  Smits  and 

Muck;^  and  Selig  et  al.*^  All  of  the  studies,  except 
for  that  of  Selig  et  al.,  considered  a  series  of  comer 
angles  resulting  in  both  unseparated  and  separated 

*  Member  of  the  Technical  Staff.  The 
research  and  preparation  of  this  report  were 
completed  prior  to  Dr.  Palko  becoming  a  Member 
of  the  Technical  Staff.  Dr.  Palko  is  a  member  of 
the  AIAA. 
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flows.  Unlike  the  other  studies,  Selig  et  al. 
investigated  a  flowfield  with  active  forcing  (by 
mass  addition).  All  of  Kuntz's  data  and  some  of 
Ardonceau's  were  obtained  using  two-component 
LDV.  The  remaining  studies,  including  a  portion 
of  Ardonceau's,  used  constant  temperature  hot-wire 
anemometry .  The  Mach  numbers  for  the  studies  by 
Ardonceau,  Kuntz,  Smits  and  Muck,  and  Selig  et 
al.  were  2.25,  2.94,  2.90,  and  2.84,  respectively. 
All  of  these  studies  noted  large  increases  in 
turbulence  through  the  shock  interaction  and 
unsteady  shock  motion.  However,  none  of  these 
studies  used  any  conditional  analysis  to  separate 
velocity  fluctuations  due  to  the  motion  of  the  shock 
from  those  due  to  turbulence.  Palko  and  Dutton^ 
have  demonstrated  a  technique  for  separating  the 
fluctuation  contributions  from  these  two  sources; 
this  method  is  used  in  the  measurements  reported 
here. 

Several  mechanisms  have  been  proposed 
to  explain  the  turbulence  amplification  in  shock 
wave-boundary  layer  interactions.  A  nonlinear 
coupling  of  entropy,  pressure,  and  vorticity 
fluctuations  involving  the  Rankine-Hugoniot  jump 
conditions  at  the  shock  has  been  proposed  by 
Anyiwo  and  Bushnell.^  Turbulence  amplification 
as  a  direct  result  of  shock  wave  unsteadiness 
is  also  widely  cited.  Finally,  both  bulk 
compression  and  concave  streamline  curvature 
present  in  shock  wave-boundary  layer  interactions 
are  known  to  be  destabilizing  and,  therefore, 
turbulence  enhancing.  All  four  of  these 
mechanisms  become  more  significant  as  the  comer 
angle  is  increased,  thereby  increasing  the  shock 
strength  and  the  range  of  shock  motion.  Another 
mechanism  that  is  not  often  cited  is  the  effect  of 
separation  itself 

The  studies  of  Ardonceau,  Kuntz,  Selig  et 
al.  and  Smits  and  Muck  all  involved  relatively 
thick  boundary  layers  (8,  8,  26,  and  26  mm, 
respectively)  and  very  small  separated  regions. 
The  current  study  involves  an  approximately  3  mm 
thick  turbulent  incoming  boundary  layer  and  a 
large  separated  flow  region.  This  separation 
bubble  serves  as  a  reservoir  of  low  momentum 


fluid  that  may  be  entrained  by  turbulent  structures 
within  the  free  shear  layer.  Unfortunately,  the  lack 
of  prior  studies  involving  a  large  separated  region 
makes  the  effects  of  separation  caused  by  a  second 
fluid  stream  rather  than  by  a  solid  ramp  face 
difficult  to  determine. 

In  contrast  to  the  case  of  shock-separated 
free  shear  layers  are  expansion-separated  shear 
layers.  To  help  understand  the  flow  physics  of  the 
shock-separated  case,  this  paper  will  make 
comparisons  with  the  work  of  Amatucci^^  and 
Herrin,*^  which  represent  comprehensive  LDV 
investigations  of  the  mean  flow  and  turbulence  in 
planar  and  axisymmetric  expansion-separated  shear 
layers,  respectively.  Herrin  investigated  a  single 
M  =  2.5  (before  separation)  shear  layer  while 
Amatucci  studied  both  M  =  2.56  and  M  =  2.05 
shear  layers.  Like  the  current  study,  both 
Amatucci’s  and  Herrin’s  flows  involved  relatively 
thin  incoming  boundary  layers  and  a  large 
separated  flow  region. 

FLOW  FACILITY 

A  schematic  of  the  test  section  and 
flowfield  features  investigated  in  this  study  is 
shown  in  Figure  1.  The  upper  Mach  2.5  stream 
(unit  Reynolds  number,  Re=48.9xl0^  m"^)  and  the 
lower  Mach  1.5  stream  (Re=36.2xl0^  m"^) 
converge  at  a  40^  angle  past  a  12.7  mm  high  base 
plane.  The  boundary  layer  of  the  upper  stream 
intercepts  the  oblique  separation  shock, 
consequently  separates,  and  forms  a  free  shear 
layer,  as  shown  in  Figure  1 .  This  shear  layer  then 
reattaches  with  the  shear  layer  formed  by  the 
separation  (at  near  zero  pressure  gradient)  of  the 
boundary  layer  of  the  lower  stream,  thereby 
enclosing  a  recirculating  region  behind  the  base. 
The  reattachment  of  the  shear  layers  generates  a 
recompression  shock  system  and  the  resulting 
trailing  wake. 

The  upper  and  lower  streams  have 
absolute  stagnation  pressures  of  506  kPa  and 
251  kPa,  respectively,  resulting  in  a  static  pressure 
ratio  of  the  lower  to  the  upper  streams  of 
P2/Pi=2.27.  Surface  oil  flow  visualization  shows 
that  the  center  32  mm  (63%)  of  the  flowfield  is  free 
from  sidewall  effects  and  is,  consequently,  two- 
dimensional  in  this  region.  The  blowdown-type 
supersonic  wind  tunnel  used  to  produce  this 
flowfield  is  described  briefly  in  Palko  and  Dutton^ 
and  comprehensively  in  Palko and  Shaw.'^ 
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EQUIPMENT 

A  two-component  laser  Doppler 
velocimetry  (LDV)  system,  with  a  TSl  IFA  750 
digital  burst  correlator  operating  in  coincident 
mode,  was  used  for  the  mean  velocity  and 
turbulence  measurements.  A  detailed  discussion  of 
the  IFA  750  operation  is  given  by  Jenson.  One 
beam  of  each  color  is  shifted  by  40  MHz  to 
minimize  fringe  biasing  and  to  allow 
discrimination  of  negative  velocities.  The  blue  and 
green  beam  pairs  are  also  oriented  at  approximately 
445°  and  -45°,  respectively,  to  the  mean  flow 
direction  of  the  upper  stream  to  minimize  fringe 
blindness. 

Separate  TSI  model  9306  six-jet  atomizers 
introduce  silicone  oil  droplets  with  a  mean 
diameter  of  approximately  0.8  pm  into  each 
stream.*^  The  oil  droplets  are  injected  downstream 
of  all  flow-conditioning  modules  and  upstream  of 
the  nozzle  blocks  through  small  stainless  steel 
tubes.  The  scattered  light  from  the  droplets  is 
collected  in  forward  scatter  at  an  off-axis  collection 
angle  of  10°,  resulting  in  an  effective  measurement 
volume  length  of  1.5  mm.  The  13  mm  beam 
spacing  and  250  mm  focal  length  transmitting  lens 
result  in  a  measurement  volume  diameter  of 
0.127  mm  (the  spatial  resolution  in  the  two  velocity 
measurement  directions). 

Due  to  their  significant  inertia,  seed 
particles  produce  curved  pathlines  behind  an 
oblique  shock  wave  instead  of  following  the  fluid 
streamlines  that  bend  discontinuously  at  the  shock 
front.  Using  the  Carlson-Hoglund*^  empirical 
drag  law,  significant  particle  lag  effects  in  this 
study  were  estimated  to  be  limited  to  a  region 
extending  2.8  mm  in  the  streamwise  (x)  direction 
downstream  of  the  shock  wave  (i.e.,  1.4  mm 
normal  to  the  shock).  This  oblique  shock  wave 
represents  by  far  the  largest  velocity  gradient  in  the 
present  flowfield.  A  detailed  uncertainty  analysis 
of  the  velocity  measurements^^  predicts  a 
maximum  uncertainty  outside  the  region  of 
significant  particle  lag  of  ±3.1%  for  the  mean 
velocity  and  ±4.6%  for  the  turbulent  stresses. 

Since  the  boundary  layer  separation  point 
oscillates  in  the  streamwise  direction  with  the 
shock  wave,  the  shear  layer  will  also  oscillate  and 
cause  biasing  of  unconditionally  averaged  velocity 
data.  Palko  and  Dutton^  and  Palko  describe  in 
detail  the  conditional  analysis  technique  used  in  the 
current  study  to  minimize  bias  in  the  velocity 
measurements  due  to  shock  wave  unsteadiness. 


This  technique  allows  the  shock  position 
(upstream,  between,  or  downstream  of  the  two 
transducers)  to  be  determined  for  each  velocity 
realization.  By  ensemble-averaging  realizations 
that  are  obtained  only  when  the  shock  is  between 
the  transducers,  this  procedure  effectively 
“freezes”  the  shock  in  this  position  and  minimizes 
the  velocity  fluctuations  that  would  otherwise  be 
recorded  due  to  the  shock  motion.  However,  large 
data  sets  must  be  obtained  to  ensure  adequate 
statistical  certainty  from  the  ensemble  averages. 
Since  the  transducers  are  placed  at  19.0  and 
16.5  mm  upstream  of  the  base  plane  (Figure  1),  the 
mean  shock  foot  position  (i.e.,  the  boundary  layer 
separation  point)  for  the  conditionally  analyzed 
data  set  is  17.75±1.6mm  upstream  of  the  base. 
Palko*^  describes  in  detail  the  entire  pressure  data 
acquisition  system. 

RESULTS 

This  paper  presents  data  obtained  at 
approximately  1500  spatial  locations  along  the 
spanwise  centerplane  of  the  flowfield.  The  origin 
of  the  measurement  grid  is  the  upper  base  comer 
with  the  x-axis  aligned  parallel  to  the  wall 
(Figure  1).  The  streamwise  spacing  of  the 
measurement  locations  is  a  uniform  2.5  mm,  but 
the  transverse  spacing  varies  from  0.125  mm  in 
high-gradient  regions  to  1.0  nun  in  the  almost 
uniform  freestreams.  Two-component  velocity 
measurements  are  limited  to  y  >  I  mm  due  to  beam 
clipping  at  the  wall  below  this  point.  The  entire 
measurement  grid  has  an  absolute  positional 
uncertainty  (systematic  error)  in  the  streamwise 
and  transverse  directions  of  ±250  pm  with  respect 
to  the  base,  but  the  relative  positional  uncertainty 
(random  error)  of  each  point  with  respect  to  each 
other  within  the  measurement  grid  is  only  ±0.5  pm. 

Previously,  Palko  and  Dutton^  presented 
selected  profiles  obtained  with  and  without 
conditional  analysis  to  illustrate  the  effects  of 
shock  motion  on  the  turbulence.  This  paper  instead 
analyzes  global  flowfield  features  by  presenting 
results  (using  4096  instantaneous  velocity 
realizations  at  each  spatial  location)  obtained  only 
when  the  shock  was  between  the  two  transducers. 
The  contour  levels  in  the  data  plots  do  not 
represent  regular  intervals  in  the  data,  but  instead 
were  chosen  to  clearly  illustrate  the  features  of  the 
flowfield.  Furthermore,  the  mean  velocities  and 
Reynolds  stresses  have  been  non-dimensionalized 
using  the  freestream  velocity  in  the  upper  stream, 
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\Jao  =  590  m/s.  Finally,  all  contour  and  line  plots 
presented  in  this  study  are  unsmoothed,  and  the 
data  have  been  velocity  debiased  using  the 
interarrival  time  weighting  method  shown  by 
Herrin  and  Dutton^^  to  be  the  most  accurate 
debiasing  method  in  this  type  of  flow. 

Mean  Flow 

Table  1  lists  various  properties  of  the 
incoming  boundary  layer  of  the  upper  stream. 
These  properties  were  determined  by  applying  a 
curve-fit  for  compressible,  turbulent  boundary 
layers^*  to  the  experimentally  obtained  boundary 
layer  profile.  The  best  curve-fit  was  found  by 
varying  the  boundary  layer  thickness,  5,  and  the 
skin  friction  coefficient,  Cf,  until  the  mean  square 
deviation  between  the  curve-fit  and  the 
experimental  data  was  minimized.  The  resulting 
profile  equation  was  then  numerically  integrated  to 
yield  the  boundary  layer  integral  parameters  listed 
in  Table  1.  The  Reynolds  number  based  on  the 
various  thicknesses  may  be  estimated  as 
Re6=  120,000,  Res*  =  28,000,  and  Ree=  7600. 

Figure  2  presents  a  contour  plot  of  the 
normalized  mean  streamwise  velocity  component, 
U/Uoo.  These  results  clearly  indicate  the  approach 
boundary  layer,  the  two  shear  layers,  the 
recirculation  region  behind  the  base  (denoted  by 
negative  values  of  U/U«),  the  separation  shock,  the 
upper  system  of  recompression  waves,  and  the 
trailing  wake.  The  two  shear  layers  reattach  at 
approximately  16.25  mm  downstream  of  the  base. 
(Due  to  the  dominance  of  the  streamwise  velocity 
component,  reattachment  is  defined  here  as  the 
point  of  zero  U/U«.)  The  reattachment  point  is 
noted  by  a  small  plus  sign  in  Figure  2  and  all 
subsequent  contour  plots.  Also  interesting  is  the 
sudden,  almost  discontinuous  decrease  in  the 
streamwise  mean  velocity  and  subsequent 
thickening  of  the  boundary  layer  at  the  shock  foot 
location  (x  = -17.75  mm).  TTie  presence  of  this 
discontinuity  at  the  expected  location  between  the 
two  transducers  indicates  that  the  shock  position  is 
being  accurately  “frozen”  by  the  conditional 
analysis  algorithm. 

The  combined  mean  velocity  field 
(streamwise  and  transverse  components)  is 
presented  as  a  vector  plot  in  Figure  3.  This  figure 
clearly  shows  the  uniform  flow  in  each  freestream 
approaching  the  base,  the  two  shear  layers,  the 
separation  shock,  the  reattachment  point  at 
x  =  ±16.25  mm,  and  the  wake  development.  The 


(1) 


thickening  of  the  upper  boundarv'  layer  as  the  base 
plane  is  approached  is  also  apparent  in  Figures. 

The  inflection  points  in  the  velocity  profiles 
immediately  upstream  of  the  base  are  expected 
since  the  flow  is  separated  at  these  locations.  To 
allow  closer  examination  of  the  recirculation 
region,  a  vector  plot  of  only  the  base  region  is 
presented  in  Figure  4,  The  two  distinct 
recirculating  eddies  within  the  region  of  separated 
flow  may  be  clearly  seen  in  Figure  4  as  well  as  the 
recirculating  flow  near  the  wail  at  the  base  plane 
below  the  upper  shear  layer.  The  reattachment  of 
the  two  shear  layers  in  the  neighborhood  of 
X  =  +16  mm  is  also  more  apparent  in  this  expanded 
view. 

An  equivalent  “ramp  comer  angle”  may 
be  defined  for  the  current  flow  as  the  angle 
between  the  mean  reattached  wake  direction 
(inviscid  slip  line)  and  the  x-axis.  This  inviscid 
slip  line  is,  of  course,  a  compliant  boundary  rather 
than  a  rigid  boundary  such  as  the  downstream  ramp 
surface  in  a  compression  comer.  By  using  a  linear 
regression  through  the  points  of  minimum 
streamwise  velocity  at  all  measured  streamwise 
locations  downstream  of  reattachment,  this 
equivalent  comer  angle  is  estimated  to  be  28®. 

Figure  5  presents  the  mean  Mach  number 
distribution  throughout  the  flowfield.  The  Mach 
number  was  obtained  by  measuring  the  stagnation 
temperature  inside  the  plenum  chamber  of  the  wind 
tunnel  and  applying  the  assumption  of  adiabatic 
flow  to  extract  the  static  temperature  and  speed  of 
sound  throughout  the  flowfield.  Figure  5  clearly 
reveals  the  separation  shock,  the  recompression 
wave  systems,  and  the  large  subsonic  region 
downstream  of  the  base.  The  dramatic  change  in 
compressibility  across  the  upper  shear  layer  is 
indicated  by  the  highly  compressible  freestream  on 
the  outside  (M  >  2.0)  and  the  large  region  of  nearly 
incompressible  flow  near  the  base  on  the  inside  of 
this  thin  layer  (M  <  0.3). 

To  quantify  the  compressibility  of  the 
shock-separated  shear  layer,  one  may  use  the  mean 
velocity  data  to  determine  a  convective  Mach 
number,  The  convective  Mach  number  is 

the  Mach  number  of  each  freestream  relative  to  the 
large-scale  turbulent  structures  in  the  free  shear 
layer.  For  cases  in  which  the  freestream  gases  on 
each  side  of  the  shear  layer  are  the  same  and 
stream  I  is  the  high-speed  stream,  the  convective 
Mach  number  can  be  computed  as: 
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For  the  upper  shear  layer  in  this  study,  the 
convective  Mach  number  is  approximately  1.4, 
which  indicates  very  strong  effects  of 
compressibility.  This  value  of  Me  is  also 
approximately  equal  to  those  of  the  planar  and 
axisymmetric  expansion-separated  free  shear  layers 
in  the  studies  of  Amatucci*^  and  Herrin, 
respectively. 

Reynolds  Normal  Stresses 

The  dimensionless  streamwise  normal 
stress  distribution  is  displayed  in  Figure  6.  Clearly, 
the  turbulence  in  both  freestreams  is  very  small. 
The  shock-induced  separation  process  dramatically 
increases  the  streamwise  normal  stress,  and  the 
reattachment  process  and  wake  development 
dramatically  decrease  it  in  the  upper  shear  layer. 
The  shock  interaction  increases  the  streamwise 
normal  stress  by  a  factor  of  about  5.5  times  the 
peak  measured  value  in  the  incoming  boundary 
layer  of  O.OlUj.  The  maximum  streamwise 
normal  stress  value  of  0.1 occurs  immediately 
upstream  of  reattachment. 

The  increased  streamwise  turbulence 
levels  in  the  current  study  match  closely  those  cited 
by  Ardonceau^  in  his  separated,  18®  compression 
comer  flow,  but  exceed  those  cited  in  the  other 
shock  interaction  studies.  These  differences  could 
be  attributable  to  possible  difficulties  in 
interpreting  hot-wire  measurements  made  in 
supersonic  flows^  and  the  lack  of  LDV  data 
immediately  downstream  of  the  interaction  in 
Kuntz’s^  study.  The  peak  streamwise  turbulence 
levels  in  the  present  study  exceed  those  of  both 
Herrin  and  Amatucci.  This  difference  is  due  to  the 
presence  of  the  adverse  pressure  gradient,  bulk 
compression,  and  concave  streamline  curvature  at 
separation  for  the  current  shock-separated  shear 
layer,  as  compared  to  the  expansion-separated 
cases. 

The  transverse  normal  stress  distribution 
is  displayed  in  Figure  7.  Separation  of  the  upper 
shear  layer  dramatically  increases  the  transverse 
normal  stress  by  a  factor  of  5  over  that  in  the 
incoming  boundary  layer.  The  lower  shear  layer 
displays  large  values  of  transverse  normal  stress, 
but  this  is  primarily  due  to  the  inclination  of  the 
lower  shear  layer  with  respect  to  the  x-axis. 
Because  of  this,  velocity  fluctuations  within  the 


lower  shear  layer  have  a  large  transverse 
component. 

While  the  transverse  normal  stress  in  the 
lower  shear  layer  (and  for  the  entire  flowfield) 
peaks  before  reattachment  (at  x  = +12.5  mm),  the 
transverse  normal  stress  in  the  upper  shear  layer 
increases  throughout  the  recompression  region  and 
through  reattachment.  In  general  the  developing 
wake  exhibits  decreasing  turbulence  levels,  but 
large  values  (>0.018U®^)  of  transverse  normal 
stress  persist  for  over  12.5  mm  downstream  of 
reattachment  (to  x  =  +28.75  mm).  The  far  wake  is 
characterized  by  decreasing  transverse  normal 
stress,  but  at  the  downstream  limit  of  the 
measurement  region  (x  =  +40  mm),  the  values  are 
still  greater  than  0.0  lOU*^  (which  is  equal  to  the 
value  immediately  after  separation).  This  delayed 
decrease  in  the  transverse  normal  stress  may  be 
indicative  of  a  shift  in  turbulent  energy  with 
recompression  and  reattachment  from  the 
streamwise  normal  stress  to  the  transverse  and 
spanwise  normal  stresses.  Herrin  and  Dutton^"^ 
also  note  increasing  normal  stress  isotropy  through 
reattachment  of  an  axisymmetric  shear  layer  that  is 
indicative  of  such  a  shift  in  turbulent  energy.  This 
delayed  decrease  may  also  be  due  to  the  large 
transverse  normal  stress  in  the  lower  shear  layer 
that  comes  primarily  from  the  inclination  of  the 
lower  shear  layer  with  respect  to  the  x-axis. 

The  streamwise  normal  stress  in  the 
current  study  peaks  immediately  before 
reattachment.  This  feature  is  common  to 
compressible  free  shear  layers  formed  through  both 
planar  rapid  expansions*^  and  planar  shock- 
induced  separation,  but  contrasts  with  the 
decreasing  turbulence  levels  through 
recompression  and  reattachment  in  axisymmetric 
geometries.^^  This  provides  evidence  of  the 
stabilizing  (i.e.,  turbulence-reducing)  effect  of 
lateral  streamline  convergence  that  occurs  for  the 
axisymmetric  case,  but  not  for  the  planar. 

Turbulence  Amplification 

Turbulence  amplification  has  been 
documented  in  many  types  of  shock  wave¬ 
boundary  layer  interactions.  Smits  and  Muck^ 
reported  in  their  8®,  16°,  and  20°  compression 
comer  studies  normal  stress  amplification  factors 
of  up  to  14  times  the  incoming  boundary  layer 
values,  with  the  larger  comer  angles  (i.e.,  stronger 
shocks)  exhibiting  the  larger  turbulence 
amplification.  Smits  and  Muck  used  the  “Strong 
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Reynolds  Analogy”  (SRA)  to  extract  the  kinematic 
turbulent  stresses  from  the  mass-weighted  hot-wire 
measurements.  However,  the  SRA  assumes  that 
pressure  fluctuations  are  negligible,  which  is  not 
true  downstream  of  unsteady  shock  waves  and 
therefore  complicates  the  interpretation  of  hot-wire 
measurements  in  such  flows.  Kuntz^  reported  peak 
streamwise  normal  stress  levels  in  the  reattached 
boundary  layer  of  between  2  and  10  times  the 
levels  in  the  approaching  boundary  layer,  for  his 
8°,  12°,  16°,  20°,  and  24°  compression  comers, 
respectively.  Larger  turbulence  amplification 
factors  may  well  have  occurred  in  Kuntz’s  flow 
upstream  of  reattachment,  but  were  not  measured. 
By  comparison,  the  streamwise  normal  stress  in  the 
present  study  peaks  upstream  of  reattachment.  In 
his  18°  compression  comer,  Ardonceau^  reports  a 
peak  streamwise  normal  stress  value  just  below  the 
center  of  his  shear  layer  prior  to  reattachment  of 
0.114Uao^  an  increase  of  a  factor  of  4.3  over  the 
approaching  boundary  layer  values.  This  agrees 
well  with  the  peak  value  in  the  present  study.  The 
normal  stress  amplification  ratios  quoted  for  Kuntz 
and  Ardonceau  are  estimated  from  turbulence 
intensity  profiles  and  consequently  have  large 
uncertainties. 

Ardonceau"^,  Kuntz^,  and  Smits  and 
Muck^  examined  a  range  of  compression  comer 
angles.  All  these  studies  found  increasing 
turbulence  amplification  with  increasing  comer 
angle  and  attributed  it  to  increasing  shock  strength, 
bulk  compression,  and  concave  streamline 
curvature.  Both  Ardonceau  and  Kuntz  found  no 
dramatic  difference  between  separated  (larger 
angles)  and  unseparated  (smaller  angles)  comer 
flows,  indicating  that  separation  has  little  effect  on 
turbulence  amplification.  Smits  and  Muck^ 
concluded  that  for  weak  shocks  turbulence 
amplification  is  primarily  due  to  the  effects  of  bulk 
compression,  adverse  pressure  gradient,  and 
concave  streamline  curvature.  Smits  and  Muck 
assert  that  the  turbulence  amplification  depends 
more  on  the  overall  pressure  rise  through  the 
interaction  than  on  the  presence  of  a  shock  wave. 
They  also  proposed  that  shock  wave  oscillation 
becomes  an  important  mechanism  for  stronger 
shocks. 

Selig  and  Smits,*  ^  however,  in  a 
separated  24°  compression  comer  study,  concluded 
that  shock  unsteadiness  is  not  an  important 
mechanism,  since  the  downstream  turbulence 
showed  no  change  when  the  shock  wave  was 


driven  at  a  particular  frequency.  The  shock  wave 
was  forced  in  this  flow  by  periodic  blowing  into 
the  separated  region  and,  unlike  the  present  study, 
no  conditional  analysis  was  used  to  isolate  either 
shock  position  or  shock  motion  direction  from  the 
turbulent  fluctuations.  In  contrast,  Palko  and 
Dutton^  found  that  shock  motion  direction  does 
have  a  significant  effect  on  downstream  turbulence 
levels  as  well  as  on  the  organization  of  the 
turbulence. 

Amatucci^^  and  Herrin*^  also  report 
turbulence  increases  smaller  than  the  above-cited 
levels  for  their  planar  and  axisymmetric  base 
flows,  respectively.  Both  researchers  found  that, 
despite  the  stabilizing  influences  of  a  favorable 
pressure  gradient,  bulk  expansion,  and  convex 
streamline  curvature,  the  turbulence  at  the  inner 
(low-speed)  edge  of  the  free  shear  layer  increases 
dramatically  over  its  levels  in  the  approaching 
boundary  layer  in  response  to  the  expansion  at 
separation.  In  particular,  Herrin  found  that  the 
turbulence  levels  in  the  outer  portion  of  his  free 
shear  layer  formed  through  a  rapid  expansion  were 
“frozen”  at  or  below  the  upstream  levels,  while  the 
inner  edge  experienced  streamwise  normal  stress 
increases  of  approximately  9  times  the  levels  in  the 
approaching  boundary  layer. 

Ardonceau"^  and  Kuntz^  report  increases 
of  9  and  20,  respectively,  over  the  peak  transverse 
normal  stress  levels  in  their  approaching  boundary 
layers  for  their  compression  comer  flows. 
Herrin  reports  a  peak  transverse  normal  stress 
value  of  0.024Uoo^  for  his  rapidly  expanded 
axisymmetric  free  shear  layer.  The  data  of  Herrin 
reflect  an  increase  of  3  over  the  transverse  normal 
stress  level  in  his  approaching  boundary  layer. 
Amatucci’s*^  data  display  amplifications  of 
roughly  3  and  8  times  the  peak  transverse  normal 
stress  levels  in  the  approaching  boundary  layers  for 
his  upper  (Mach  2.56)  and  lower  (Mach  2.05) 
rapidly  expanded  planar  shear  layers,  respectively. 
The  peak  transverse  normal  stress  amplification 
factor  in  the  present  study  lies  within  the  range 
cited  above. 

Turbulent  Kinetic  Energy 

The  turbulent  kinetic  energy,  TKE, 
distribution  (where  the  spanwise  normal  stress  is 
assumed  equal  to  the  transverse  normal  stress)  is 
displayed  in  Figure  8.  The  turbulent  kinetic  energy 
contours  resemble  closely  the  streamwise  normal 
stress  contours.  Figure  6.  The  streamwise  normal 
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stress  is  much  larger  than  its  transverse  counterpart 
over  most  of  the  flowfield  and  so  dominates  the 
turbulent  kinetic  energy.  Therefore,  like  the 
streamwise  normal  stress,  the  turbulent  kinetic 
energy  is  much  larger  in  the  upper  shear  layer  than 
in  the  lower  shear  layer  and  peaks  near 
reattachment. 

Unlike  the  present  study,  both  Kuntz  and 
Amatucci  approximated  the  spanwise  normal  stress 
as  the  average  of  the  streamwise  and  transverse 
normal  stresses.  This  average  definition  may 
overstate  the  actual  value  of  the  TKE.  Herrin,*"^ 
however,  was  able  to  measure  all  three  velocity 
components  and,  therefore,  determined  the  TKE 
without  any  approximations.  The  maximum  TKE 
in  the  present  study,  0.07Uoo^  exceeds  the 
maximum  value  of  0.042Uoo^  Herrin  found 
upstream  of  reattachment  for  his  axisymmetric 
expansion-induced  free  shear  layer.  The  reasons 
for  the  difference  in  the  TKE  values  in  the  present 
study  and  those  of  Herrin  are  the  additional 
mechanisms  discussed  earlier  for  turbulence 
production  present  in  shock  wave-boundary  layer 
interactions  that  are  not  present  in  rapidly 
expanded  compressible  shear  layers. 

The  maximum  TKE  value  in  the  current 
study  is  also  larger  than  the  0.05Uoo^  maximum 
TKE  value  reported  by  Kuntz^  after  reattachment 
in  his  24°  compression  comer  (the  largest  ramp 
angle  tested  and  largest  TKE  value  reported).  The 
larger  equivalent  comer  angle  (28°)  in  the  present 
study  than  the  actual  comer  angle  of  Kuntz’s  flow 
may  also  explain  the  larger  TKE  level  of  the 
present  study.  In  addition  a  larger  peak  may  have 
occurred  near  reattachment  but  upstream  of  the 
region  of  measurement  in  Kuntz’s  study. 
Amatucci*^,  however,  reports  maximum  TKE 
values  occurring  close  to  reattachment  of 
approximately  0.06U«^  and  O.OTUoo^  for  his  upper 
(Mach  2.56  freestream)  and  lower  (Mach  2.05 
freestream)  expansion-induced  planar  free  shear 
layers,  respectively.  Both  of  these  peak  values  are 
close  to  the  peak  value  observed  in  the  current 
study. 

Residual  Shock  Motion 

The  transverse  normal  stress  contour  plot. 
Figure  7,  indicates  a  narrow  band  of  increased 
turbulence  that  lies  well  above  the  upper  shear 
layer.  By  comparing  the  location  of  this  band  to 
the  contour  plot  of  mean  streamwise  velocity, 
Figure  2,  this  region  is  seen  to  correspond  to  the 


location  of  the  separation  shock  wave.  This 
increase  in  apparent  transverse  normal  stress 
immediately  downstream  of  the  shock  wave  may 
be  due  to  one  of  three  factors:  (1)  small-scale 
shock  unsteadiness  that  is  below  the  resolution 
limit  of  the  conditional  analysis  technique 
(±1.6  mm);  (2)  particle  lag  downstream  of  the 
shock  due  to  the  finite  sized  LDV  seed  particles 
(2.8  mm  extent  in  the  streamwise  direction);  or  (3) 
the  slight  polydisperse  size  distribution  of  seed 
particles. 

Bloomberg  compared  LDV  data 
acquired  using  the  same  seeder  and  silicone  oil 
used  in  this  study  with  data  acquired  using 
monodisperse  polystyrene  latex  particles  behind  an 
oblique  shock  wave  slightly  stronger  than  the 
separation  shock  in  the  current  study.  Bloomberg 
concluded  that  false  turbulence  due  to  the  slight 
polydispersion  of  silicone  oil  droplet  sizes  was 
small  compared  to  the  overall  turbulence  levels  in 
his  flowfield.  For  this  reason,  the  small  increase  in 
turbulence  downstream  of  the  separation  shock 
wave  in  the  current  experiment  is  most  probably 
not  due  to  a  polydisperse  size  distribution  of  seed 
particles. 

Across  an  oblique  shock  wave,  the 
tangential  velocity  component  (relative  to  the 
shock  front)  is  unaltered,  but  the  normal  velocity 
component  is  dramatically  decreased.  One  may 
then  expect  that  small-scale  shock  motion  below 
the  resolution  limit  of  the  conditional  analysis 
technique  would  result  in  bimodal  distributions  in 
the  velocity  component  normal  to  the  shock  at 
locations  near  the  mean  shock  location  (depending 
on  whether  the  instantaneous  shock  location  is 
ahead  of  or  behind  the  measurement  location). 
Figure  9  presents  velocity  histograms  from  the 
green  LDV  channel  obtained  at  six  different 
transverse  (y)  locations  near  the  separation  shock. 
The  data  in  Figure  9  have  been  conditionally 
analyzed  to  contain  only  velocity  realizations 
occurring  when  the  shock  foot  was  between  the 
two  pressure  transducers,  but  have  not  been 
velocity  debiased. 

For  these  particular  measurements  the 
green  LDV  channel  was  aligned  at  44°  clockwise 
from  the  x-axis  and  the  separation  shock  wave  is 
inclined  at  a  32°  angle  counter-clockwise  from  the 
x-axis.  (Two  slightly  different  alignments  were 
used  during  the  data  collection  for  this  study,  but  as 
noted  in  the  equipment  section  both  were 
approximately  ±45  to  the  x-axis.)  This  particular 
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alignment  results  in  the  green  LDV  channel  being 
aligned  at  76°  to  the  separation  shock  (a  perfect 
90°  alignment  would  simply  further  accentuate  the 
observed  bimodal  nature  of  the  velocity 
histograms).  Figure  9  clearly  shows  that,  at 
locations  above  (y  =  + 1 8  mm)  and  below 
(y  =  +13mm)  the  shock,  a  roughly  unimodal 
velocity  distribution  occurs.  As  the  mean  shock 
location  is  approached  from  either  above  or  below, 
however,  the  velocity  distribution  becomes 
increasingly  bimodal  with  maximum  bi-modality 
occurring  at  y  =  +15  mm. 

One  may  estimate  from  the  histograms 
shown  in  Figure  9  that  significant  bimodality  exists 
over  a  transverse  region  of  approximately  3  mm 
(y  =  +14  mm  to  y  =  +17  mm).  This  equates  to  a 
streamwise  shock  motion  distance  of  4.8  mm. 
Together,  the  resolution  limit  of  the  conditional 
analysis  algorithm  and  particle  lag  are 
conservatively  estimated  to  produce  significant 
uncertainty  over  a  streamwise  region  of  roughly 
6.0  mm.  This  length  scale  agrees  with  the  lengA 
scales  estimated  from  the  velocity  histograms  in 
Figure  9  and  from  the  relatively  constant  width 
band  of  increased  apparent  transverse  normal  stress 
near  the  shock  location  in  Figure  7.  Smits  and 
Muck^  also  noted  small  peaks  at  the  shock  location 
in  profiles  of  mass-weighted  streamwise  normal 
stress  obtained  with  hot-wires  in  their  compression 
comer  flows  without  conditional  analysis.  Smits 
and  Muck  concluded  that,  like  this  study,  the 
region  of  shock  motion  has  an  approximately 
constant  length,  independent  of  distance  from  the 
wall. 

Reynolds  Shear  Stress 

The  dimensionless  primary  Reynolds 
shear  stress  distribution,  -<u'v'>/Uoo^,  is  displayed 
in  Figures  10  and  11.  Since  the  primary  Reynolds 
shear  stress  is  negative  in  boundary  layers,  the 
negative  of  the  shear  stress  is  often  presented,  i.e. 
-<uV'>.  This  study  follows  this  convention  in  all 
shear  stress  plots.  As  can  be  seen  from  Figures  10 
and  1 1,  the  shock-induced  separation  increases  the 
magnitude  of  the  primary  shear  stress.  Figure  10 
also  indicates  a  significant  region  of  positive  shear 
stress  in  the  shock-separated  free  shear  layer.  In 
their  compression  comer  experiment,  Smits  and 
Muck^  reported  only  negative  values  of  <u'v'>  and 
increases  in  the  peak  magnitude  of  the  shear  stress 
of  up  to  13  times  the  peak  level  in  the  approaching 
boundary  layer.  In  the  current  experiment,  a  band 


of  negative  shear  stress  may  be  seen  lying  above 
the  shear  layer  in  Figure  10.  By  comparing 
Figure  10  with  the  contour  plot  of  the  streamwise 
mean  velocity  (Figure  2),  this  band  of  negative 
shear  stress  is  again  seen  to  coincide  with  the 
separation  shock  wave  and  is  most  likely  due  to 
particle  dynamics  and  shock  wave  motion  below 
the  resolution  limit  of  the  conditional  analysis 
technique. 

The  compression  comer  studies  of 
Ardonceau,^  Kuntz,^  Smits  and  Muck,^  and  the 
expansion-induced  separation  studies  of 
Amatucci^^  and  Herrin*^  contain  peak  negative 
shear  stress  values  of  -0.002Uoo^,  -O.OlSUao^, 
-0.006Uco\  -0,042Uoo^  and  -0.012Uao^  respectively. 
The  peak  positive  and  negative  shear  stress  values 
of +0.007U«>^  and  -0.007Uoo^  respectively,  that  are 
found  inside  the  shock-induced  shear  layer  of  the 
present  study  exceed  the  peak  values  recorded  in 
the  separated  compression  comers  of  Ardonceau 
and  Smits  and  Muck,  but  lie  well  below  the  value 
reported  by  Kuntz  for  his  compression  comer  flows 
after  reattachment.  We  believe  that  the  scale  of  the 
shear  stress  plots  in  Ardonceau’s  article  may  be  in 
error  and  that  the  tme  peak  shear  stress  in  this  work 
may  actually  be  an  order  of  magnitude  larger  than 
the  value  cited  above.  The  values  of  both 
Amatucci  and  Herrin  in  expansion-induced  shear 
layers  lie  well  above  those  of  the  present  study,  and 
indicate  that  the  underlying  turbulent  structures  in 
rapidly  expanded  compressible  free  shear  layers 
differ  from  those  in  shock  wave-boundary  layer 
interactions. 

Figure  1 1  clearly  shows  both  the  positive 
and  negative  shear  stress  peaks  at  the  x  =  0  and 
x  = +12.5  mm  locations  (the  two  plotted  profiles 
through  the  free  shear  layer).  The  top  negative 
peak  in  <u'v'>  in  the  x  =  0  and  x  = +12.5  mm 
profiles  is  due  to  residual  shock  motion.  The 
x  = +12.5  mm  profile  shows  a  second  large 
positive  shear  stress  peak  coinciding  with  the  lower 
shear  layer.  This  positive  peak  is  expected,  since 
the  mean  velocity  profile  has  a  negative  slope 
inside  the  lower  shear  layer.  Examining  Figure  10, 
one  sees  that  the  region  of  positive  shear  stress 
within  the  shock-induced  free  shear  layer  only 
exists  between  separation  and  reattachment. 
Examining  the  x  =  +30  mm  profile  in  Figure  1 1, 
one  sees  that  single  negative  and  positive  peaks 
appear  symmetrically  across  the  wake.  This  is 
expected  due  to  the  deficit  in  the  mean  velocity 


profiles  inside  the  wake,  and  matches  the  shear 
stress  profiles  found  in  other  wake  studies. 

Can  a  Positive  Shear  Stress  Exist? 

The  region  of  positive  shear  stress  in  the 
upper-half  (high-speed  side)  of  the  shock-separated 
shear  layer  is  not  expected  since  the  slope  of  the 
mean  velocity  profile  there  is  positive.  If  a  fluid 
element  moves  up  or  down  between  the  high-speed 
and  low-speed  regions  inside  a  shear  layer  with  a 
positively  sloped  mean  velocity  profile,  then  the 
instantaneous  shear  stress,  u'v',  for  the  fluid 
element  is  expected  to  be  negative.  This  argument, 
however,  neglects  the  potential  effects  of  coherent 
turbulent  structures  in  the  shear  layer  which 
physically  allow  a  region  of  positive  <u'v'>  to 
exist. 

The  separated  compression  comer  studies 
of  Ardonceau'*  and  Smits  and  Muck^  include 
measurements  of  the  free  shear  layer  prior  to 
reattachment,  but  did  not  indicate  a  positive  shear 
stress  region.  This  absence  may  be  due  to  the 
difference  in  incoming  boundary  layer  thickness 
relative  to  the  size  of  the  separated  region  or  to  the 
presence  of  a  rigid  downstream  boundary  rather 
than  a  second  fluid  stream  as  in  the  present  study. 
The  absence  of  a  positive  shear  stress  region  in  the 
data  of  Ardonceau  and  Smits  and  Muck  may  also 
be  due  to  the  larger  equivalent  comer  angle  (28®) 
of  the  present  flow  than  the  comer  angles  in  their 
two  studies. 

The  disappearance  of  the  positive  shear 
stress  region  in  the  outer  portion  of  the  upper  shear 
layer  at  reattachment  may  explain  why  Kuntz,^ 
who  made  no  measurements  upstream  of 
reattachment,  did  not  measure  a  positive  shear 
stress  region  in  any  of  the  compression  comers  he 
investigated.  Similarly,  the  additional  mechanisms 
for  turbulence  amplification  and  alteration  present 
in  shock  wave-boundary  layer  interactions  may 
explain  why  the  expansion-induced  free  shear  layer 
studies  of  Amatucci and  Herrin*^  include  only  a 
negative  shear  stress  region. 

A  positive  shear  stress  peak  occurs  at  all 
but  one  of  the  13  streamwise  traverse  locations  in 
the  shock-induced  free  shear  layer  of  the  current 
study.  The  locations  of  these  positive  peaks  form  a 
straight  line  along  this  free  shear  layer. 
Furthermore,  these  shear  stress  measurements  (like 
the  rest  of  the  data  presented  in  this  study)  are 
repeatable  over  a  period  of  several  months. 
Finally,  other  turbulence  quantities,  including 
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higher  order  statistical  moments  such  as  the 
<u'u'u'>  triple  product  extracted  from  the  same 
velocity  ensembles  used  to  calculate  the  shear 
stress,  display  the  expected  trends.  This 
persistence  and  uniformity  of  these  shear  stress 
data,  combined  with  the  presence  of  expected 
trends  in  other  quantities,  provide  evidence  that  the 
positive  shear  stress  regions  inside  the  upper  shear 
layer  are  a  true  physical  phenomenon  and  not  an 
artifact  of  the  measurement  technique.  However,  if 
the  instantaneous  velocity  data  are  rotated  to 
coordinates  parallel  and  perpendicular  to  the  local 
shear  layer  direction,  rather  than  the  tunnel 
coordinates  (Figure  1)  used  in  this  paper,  the 
positive  shear  stress  values  might  disappear.  This 
will  be  the  subject  of  future  work,  but  preliminary 
analysis  indicates  that  this  would  cause  the  shear 
stress  values  to  approach  small  positive  values 
rather  than  significant  negative  values. 

Counter-rotating  vortex  pairs  oriented  in 
the  streamwise  direction  may  exist  inside  the 
shock-separated  free  shear  layer  of  the  present 
study.  These  vortex  pairs  are  similar  to  the  Taylor- 
Gdrtler  vortices  that  are  known  to  form  in 
boundary  layers  on  walls  with  concave  curvature. 

The  shock-separated  shear  layer  in  the  present 
study  also  displays  a  concave  curvature,  so  an 
instability  mode  similar  to  the  Taylor-GSrtler  mode 
may  be  expected.  These  vortex  pairs  are  believed 
to  produce  powerful  ejections  of  fluid  (Quadrant  I: 
u'  >  0,  v'  >  0)  that  result  in  the  observed  region  of 
positive  shear  stress.  This  vortex  theory  W2is  first 
proposed  by  Palko^^  in  conjunction  with  a  further 
detailed  analysis  and  discussion  of  the  shock- 
separated  shear  layer  turbulence  structure  that 
provides  additional  evidence  of  such  vortex  pairs. 
This  analysis  will  be  the  subject  of  a  future  paper. 

CONCLUSIONS 

This  study  presents  to  our  knowledge  the 
first  turbulence  measurements  obtained  in  a  shock- 
separated  shear  layer  and  the  first  turbulence 
measurements  in  any  two-dimensional,  shock- 
separated  free  shear  layer  to  account  directly  for 
shock  wave  unsteadiness.^^  Detailed  experimental 
data  are  presented  to  allow  verification  of 
improved  numerical  solutions,  including  improved 
turbulence  models  for  shock  wave-boundary  layer 
interactions.  The  results  show  that  shock-induced 
separation  dramatically  increases  the  Reynolds 
normal  stresses  in  the  upper  shear  layer.  The 
streamwise  normal  stress  is  much  larger  than  the 
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transverse  normal  stress  and,  consequently, 
dominates  the  turbulent  kinetic  energy  through 
most  of  the  flowfield  (assuming  that  the  transverse 
and  spanwise  normal  stress  magnitudes  are  similar, 
as  has  been  found  in  previous  related  studies). 

The  subsequent  reattachment  of  the  two 
shear  layers  dramatically  decreases  the  turbulence 
levels.  The  developing  wake  is  dominated  by  a 
further  reduction  in  all  turbulent  stresses. 
However,  large  values  of  the  transverse  normal 
stress  are  seen  to  persist  well  downstream  of 
reattachment,  possibly  indicating  a  shift  in 
turbulent  energy  from  the  streamwise  component 
to  the  transverse  (and  presumably  spanwise) 
components  through  recompression  and 
reattachment.  As  in  expansion-separated  planar 
shear  layers,  the  streamwise  normal  stress  is  seen 
to  peak  at  reattachment  rather  than  upstream  of 
reattachment  as  in  axisymmetric  expansion- 
induced  shear  layers.  This  provides  further 
evidence  of  the  stabilizing  effects  of  lateral 
streamline  convergence  on  the  turbulent  flowfield 
for  the  axisymmetric  case.  Interestingly,  regions  of 
both  positive  and  negative  Reynolds  shear  stress 
exist  inside  the  shock-separated  shear  layer.  The 
positive  shear  stress  region  is  formed  at  separation 
and  disappears  at  reattachment,  and  may  be 
explained  by  the  presence  of  streamwise-oriented 
counter-rotating  vortex  pairs  similar  in  nature  to 
Taylor-G5rtler  vortices.  Finally,  velocity 
histograms  obtained  in  the  immediate 
neighborhood  of  the  shock  indicate  that  the  range 
of  unsteady  shock  motion  has  a  relatively  constant 
width  irrespective  of  distance  from  the  wall. 
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Table  1  Approach  boundary  layer  properties 


Boundary  layer  thickness,  5  (mm) 

3.2 

Displacement  thickness,  8*  (mm) 

0.78 

Momentum  thickness,  0  (mm) 

0.21 

Shape  factor,  H  =  8V0 

3.7 

Wake  strength  factor,  11 

0.86 

Skin  friction  coefficient,  Cf 

0.0016 

Friction  velocity,  u^  (m/s) 

23.6 
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Figure  1  Flowfield  schematic 
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Figure  2  Mean  streamwise  velocity  field,  U/U, 
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Figure  3  Mean  velocity  vector  field 
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ABSTRACT 

An  experimental  investigation  of  the  near-wake  flowfield  downstream  of  blunt-based 
axisymmetric  bodies  in  supersonic  flow  has  been  conducted.  Using  a  blowdown-type  wind  tunnel 
designed  specifically  for  this  purpose,  experiments  were  conducted  at  a  nominal  approach  Mach 
number  of  2.5  and  a  unit  Reynolds  number  of  51  (10^)  per  meter.  Two  different  axisymmetric 
afterbodies  were  examined  in  the  study:  a  circular  cylinder  was  used  as  a  baseline  configuration, 
and  a  conical  boattailed  afterbody  with  a  boattail  angle  of  five  degrees  and  a  boattail  length  of  one 
afterbody  radius  was  used  to  investigate  the  effects  of  afterbody  boattailing  on  the  fluid  dynamic 
processes  in  the  near-wake.  Neither  afterbody  contained  a  central  jet  so  that  the  base  flowfield  in 
unpowered,  supersonic  flight  was  simulated.  The  primary  objective  of  the  research  program  was 
to  enhance  the  understanding  of  the  fluid  dynamic  processes  inherent  to  axisymmetric  base  flows 
by  obtaining  and  analyzing  detailed,  non-intrusive  experimental  data  including  flow  visualization 
photographs,  static  pressure  measurements,  and  mean  velocity  and  turbulence  data  throughout  the 
near-wake.  Of  special  significance  in  the  current  research  is  the  detailed  turbulence  information 
obtained  with  laser  Doppler  velocimetry  (LDV)  since  these  data  are  virtually  nonexistent  in 
supersonic  base  flows  and  provide  new  insight  into  the  physics  of  these  complex  flows.  In 
addition,  the  present  data  form  a  substantial  data  base  which  can  be  used  to  advance  and  improve 
theoretical  and  numerical  base  flow  modeling  techniques. 

The  static  pressure  measurements  on  the  base  and  afterbody  of  each  model  indicate  a 
relatively  constant  pressure  across  the  base  with  the  addition  of  the  boattail  resulting  in  a  decrease 
in  the  base  drag  coefficient  of  16%  from  the  baseline  cylindrical  afterbody.  The  net  afterbody  drag 
coefficient  (boattail  +  base  contributions)  was  reduced  by  21%  which  shows  the  usefulness  of 


afterbody  boattailing  as  a  practical  method  to  reduce  afterbody  drag  in  supersonic,  axisymmetric 
flow.  The  mean  velocity  and  turbulence  fields  in  the  near-wake  of  each  afterbody  were 
investigated  with  LDV.  In  general,  the  near-wake  flowfield  can  be  characterized  by  large 
turbulence  levels  in  the  separated  shear  layer,  relatively  large  reverse  velocities  in  the  recirculation 
region,  and  gradual  recompression/realignment  processes  as  the  shear  layer  converges  on  the  axis 
of  symmetry.  The  shear  layer  development  was  found  to  be  dependent  on  the  conditions 
immediately  downstream  of  the  base  corner  separation  point  (upstream  history  effect). 
Furthermore,  the  centered  expansion  at  the  base  comer  reduced  the  turbulence  levels  in  the  outer 
region  of  the  shear  layer  relative  to  the  approach  boundary  layer  but  enhanced  the  mixing  and 
entrainment  along  the  fluid-fluid  interface  between  the  shear  layer  and  the  recirculating  region 
which  results  in  large  turbulence  levels  along  the  inner  edge  of  the  shear  layer.  The  shear  layer 
growth  rate  is  initially  large  due  to  substantial  mass  entrainment  from  the  recirculation  region  near 
the  inner  edge,  but  further  downstream,  a  self-similar  state  is  reached  where  growth  rates  are 
significantly  reduced.  In  general,  the  effects  of  afterbody  boattailing  on  the  near-wake  flowfield 
include  a  weaker  expansion  at  the  base  comer  separation  point  (less  distortion  of  the  shear  layer 
and  reduced  turbulence  production  near  the  inner  edge),  reduced  turbulence  intensity  and  Reynolds 
shear  stress  levels  throughout  the  near-wake  (reduced  mass  entrainment  along  the  length  of  the 
shear  layer  resulting  in  a  higher  base  pressure),  and  a  mean  velocity  field  which  is  qualitatively 
similar  to  that  of  the  cylindrical  afterbody. 
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ABSTRACT 

An  experimental  investigation  of  the  unsteady  separation  shock  wave  motion  in  plume- 
induced,  boundary  layer  separated  (PIBLS)  flowfields  has  been  conducted.  The  PIBLS  flowfields 
were  created  in  a  blowdown-type  wind  tunnel  designed  specifically  to  produce  PIBLS  in  a  planar, 
two-stream,  supersonic  flow.  In  this  unique  wind  tunnel,  separation  of  the  ffeestream  boundary 
layer  upstream  of  the  base  plane  was  accomplished  by  utilizing  an  angle-induced  separation 
geometry  in  the  wind  tunnel  design  in  addition  to  operating  the  wind  tunnel  at  jet-to-freestream 
static  pressure  ratios  (JSPRs)  greater  than  unity.  In  essence,  the  wind  tunnel  design  consisted  of  a 
Mach  1.5  inner-jet  flow  angled  at  40  degrees  with  respect  to  a  Mach  2.5  freestream  flow  in  the 
presence  of  a  0.5-inch  thick  base  height.  By  throttling  the  stagnation  pressure  of  the  inner-jet 
flow,  PIBLS  flowfields,  with  nominal  separation  point  locations  ranging  from  two  (JSPR»1.7)  to 
six  (JSPR=2.3)  or  more  boundary  layer  thicknesses  upstream  of  the  base  plane,  were  produced  in 
the  wind  tunnel.  The  separation  process  associated  with  all  of  these  PIBLS  flowfields  was 
observed  by  flow  visualization  techniques  to  be  unsteady,  and  the  separation  shock  wave  that 
accompanied  the  separation  process  was  found  to  exhibit  large-scale  (on  the  order  of  the  incoming 
boundary  layer  thickness)  motion  in  the  streamwise  direction. 

The  primary  objective  of  the  current  research  program  was  to  understand  the  unsteady 
characteristics  of  the  separation  shock  wave  motion  present  in  the  PIBLS  flowfields  by  obtaining 
and  analyzing  detailed,  non-intrusive  experimental  data  including  flow  visualization  photographs, 
surface  flow  visualization  patterns,  mean  static  pressure  measurements,  and  instantaneous  pressure 
fluctuation  measurements  throughout  the  region  of  shock  wave  motion  (called  the  intermittent 
region).  Since  the  vast  majority  of  the  statistical  properties  of  the  shock  wave  motion  were 


computed  from  the  fast-response  pressure  transducer  measurements,  the  instantaneous  pressure 
fluctuation  measurements  were  of  primary  importance  in  the  study.  In  recent  years,  similar 
measurements  have  been  used  to  characterize  the  unsteady  separation  shock  wave  motion  in  shock 
wave/boundary  layer  interactions  (SWBLIs)  produced  by  solid  boundary  protuberances  (i.e., 
compression  ramps,  circular  cylinders,  sharp-  and  blunt-edged  fins,  etc.).  However,  such  data  are 
virtually  nonexistent  in  a  plume-induced  interaction  and,  therefore,  the  current  data  are  quite 
unique. 

From  standard  time  series  and  conditional  analysis  methods  applied  to  the  pressure 
fluctuation  measurements,  the  statistical  properties  of  the  shock  wave  motion  were  determined  over 
the  intermittent  region.  In  general,  most  (70%  to  80%)  of  the  energy  contained  in  the  pressure 
fluctuations  caused  by  the  shock  wave  motion  was  distributed  over  the  frequency  range  below 
1  kHz,  the  mean  frequency  of  the  shock  wave  motion  ranged  between  1.3- 1.5  kHz,  and  the  most 
probable  shock  wave  frequency  occurred  between  approximately  1-4  kHz  over  the  intermittent 
region.  The  mean  shock  wave  velocities,  when  normalized  by  the  freestream  velocity,  were  found 
to  be  0.034-0.035  over  the  intermittent  region  in  the  PIBLS  flowfields.  In  general,  the  length  scale 
of  the  intermittent  region  increased  as  the  JSPR  increased,  varying  from  0.32-0.37  inches  (2.65  to 
3.08)  at  a  JSPR  of  1.95  to  0.68-0.69  inches  (5.45  to  5.55)  at  a  JSPR  of  2.41.  The  maximum 
zero-crossing  frequency  (the  average  number  of  shock  wave  crossings  per  second)  of  the  shock 
wave  motion  was  approximately  500-600  Hz,  depending  upon  the  JSPR,  and  occurred  near  the 
middle  of  the  intermittent  region. 

The  shock  wave  motion  was  found  to  be  responsible  for  producing  large  pressure 
fluctuations  over  the  intermittent  region  in  these  PIBLS  flowfields.  The  standard  deviation  of  the 
pressure  fluctuations,  when  nondimensionalized  by  the  local  mean  pressure,  reached  a  maximum 
value  of  0.22  near  the  middle  of  the  intermittent  region.  The  strength  of  the  unsteady  shock  wave 
motion,  determined  as  the  ratio  of  the  maximum  standard  deviation  of  the  pressure  fluctuations 
over  the  intermittent  region  to  the  mean  pressure  difference  across  the  intermittent  region,  was 
calculated  to  be  0.43  for  the  current  PIBLS  flowfields.  Both  of  these  quantities  demonstrate  that 


the  unsteady  pressure  loading  caused  by  the  shock  wave  motion  has  essentially  the  same 
magnitude  in  plume-induced  separated  flowfields  as  in  SWBLI  flowfields  produced  by  solid 
boundary  protuberances. 
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ABSTRACT 

Base  bleed  is  a  technique  wherein  a  small  quantity  of  fluid  is  injected  into  the  base  region  of 
a  projectile  to  reduce  the  base  drag.  The  effects  of  base  bleed  on  the  near-wake  flowfield  of  a 
cylindrical  afterbody  in  a  Mach  2.5  flow  have  been  investigated  in  the  present  study.  This 
experimental  study  is  aimed  at  better  understanding  the  complex  fluid  dynamic  interactions 
occurring  in  the  near-wake  due  to  base  bleed  and  is  motivated  by  the  lack  of  detailed  velocity  and 
turbulence  data  in  this  flowfield.  The  experimental  techniques  used  include  static  pressure 
measurements,  schlieren  and  shadowgraph  photography,  and  two-component  laser  Doppler 
velocimetry  (LDV).  The  comprehensive  LDV  mean  velocity  and  turbulence  measurements 
obtained  during  this  study  provide  valuable  insight  into  the  physics  of  the  base  bleed  mechanism 
and  constitute  a  benchmark  data  set  to  aid  analytical  and  computational  efforts  in  modeling  and 
predicting  supersonic  base  flows. 

Static  pressure  measurements  show  that  with  increasing  bleed  flow  rate,  the  average  base 
pressure  increases  initially,  attains  a  peak  value  near  an  injection  parameter  of  I  =  0.0148,  and 
then  decreases  with  further  increase  in  I.  The  peak  base  pressure  ratio  at  the  optimum  bleed 
condition  is  18.5%  higher  than  the  blunt  base  case  and  5.7%  higher  than  for  a  5  degree  boattailed 
afterbody.  Axial  LDV  traverses  show  peaks  in  turbulent  kinetic  energy  along  the  centerline  at  the 
forward  and  rear  stagnation  point  locations.  Centerline  measurements  also  indicate  the  near¬ 
disappearance  of  the  primary  recirculation  region  near  the  optimum  bleed  condition.  Detailed  mean 
velocity  and  turbulence  data  were  obtained  in  the  entire  near-wake  flowfield  for  three  different 
bleed  cases  corresponding  to  low  bleed,  slightly  pre-optimal  bleed,  and  slightly  post-optimal  bleed 
conditions.  These  measurements  indicate  that  the  bleed  flow  provides  at  least  some  of  the  fluid 


required  for  shear  layer  entrainment  and  shields  the  base  annulus  from  the  outer  shear  layer  and  the 
primary  recirculation  region,  leading  to  an  increase  in  base  pressure.  There  is  an  overall  reduction 
in  turbulence  levels  throughout  the  base  bleed  flowfields  relative  to  the  near-wake  flowfields  of 
blunt-based  and  boattailed  afterbodies.  With  increasing  bleed,  the  formation  of  a  strong  bleed  jet 
shear  layer  and  secondary  recirculation  region  near  the  base  annulus  offsets  the  benefits  of  base 
bleed,  leading  to  a  drop  in  the  base  pressure.  At  all  bleed  conditions,  the  Reynolds  normal  stress 
distribution  is  highly  anisotropic  with  the  axial  component  dominating  the  near-wake  turbulence 
field.  The  net  benefits  of  base  bleed  are  maximized  at  the  optimum  bleed  condition,  which 
corresponds  to  the  highest  base  pressure,  the  disappearance  of  the  primary  recirculation  region, 
and  the  lowest  turbulence  and  entrainment  levels  in  the  near-wake  flowfield. 
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ABSTRACT 

A  supersonic  plume-induced  boundary  layer  separated  (PIBLS)  flowfield  occurs  when  an 
underexpanded  exhaust  plume  obstmcts  the  flow  around  a  rocket  causing  an  oblique  shock  wave 
to  form  on  the  afterbody.  The  shock  oscillates  randomly  in  the  streamwise  direction  causing  an 
unsteady  boundary  layer  separation  that  complicates  prediction  and  measurement  of  PIBLS 
flowfields.  This  study  provides  the  first  turbulence  measurements  in  a  PIBLS  flowfield  and, 
consequently,  the  first  benchmark  data  for  evaluating  future  computational  models  for  such  flows. 

Conditionally  analyzed  two-component  laser  Doppler  velocimetry  (LD V)  measurements 
were  made  in  a  planar,  two-dimensional  PIBLS  flow  containing  an  unsteady  oblique  shock  wave 
formed  by  the  convergence  of  two  supersonic  streams  past  a  thick  plate.  High-speed  wall  pressure 
measurements  were  used  to  locate  the  shock  wave  and,  consequently,  allow  separation  of  the 
effects  of  shock  wave  motion  from  the  turbulence  fluctuations  in  the  velocity  measurements  of  a 
shock-separated  free  shear  layer.  It  was  found  that  isolating  the  large-scale  changes  in  the  shock 
position  from  the  turbulence  reduces  the  experimental  scatter  rather  than  substantially  changing  the 
shapes  or  magnitudes  of  the  turbulent  stress  profiles.  Changes  in  shock  motion  direction, 
however,  do  significantly  alter  the  turbulent  stresses.  This  is  the  first  direct  evidence  of  the  effects 
of  changes  in  shock  wave  position  on  turbulence  amplification. 

The  shock-induced  separation  process  was  found  to  dramatically  increase  the  streamwise 
and  transverse  Reynolds  normal  stresses  (which  both  peak  near  reattachment),  the  primary  shear 
stress,  and  the  normal  stress  anisotropy.  The  shock-separated  shear  layer  consists  of  only  a  single 
layer  with  a  large  initial  growth  rate  followed  by  a  much  smaller  growth  rate,  instead  of  the  two 
layers  found  in  rapidly  expanded  shear  layers.  The  large-scale  stmctures  in  the  shock-separated 


shear  layer  span  the  shear  layer  width  and  exhibit  a  uniform  transverse  size.  These  structures 
display  positive  and  negative  shear  stresses  on  their  upper  and  lower  edges,  respectively,  and  are 
greatly  altered  by  reattachment.  All  turbulent  stresses  decrease  and  the  normal  stress  isotropy 
increases  in  the  developing  wake. 


